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ABSTRACT 
Powder forging is a technique that has been used to produce fully dense near-net parts 
from metal powders.  Due to a “low cost titanium” product manufacturing initiative, 
targeting a reduction in the cost of titanium components, a titanium powder forging 
technique has gained significant interest.  In titanium powder forging, powder 
consolidation is a key factor that influences successful component manufacture.  
Consolidation during titanium powder forging is dependent on the densification and 
deformation mechanisms involved. 
In this study, a finite element method is used to model the densification and 
deformation behaviour of titanium powder compacts during powder forging.  The 
research focuses on developing a simulation capability and identifying a suitable 
constitutive model to simulate the powder forging process that can predict the relative 
density distribution.  The simulation is carried out in Abaqus software and the results 
are compared with experimental results.  A gamma particle radiography technique is 
used to compare the experimental density results with the simulated results. 
The Gurson and Gurson-Tvergaard models are used to predict the relative density of 
porous titanium powder compacts during upset-powder forging and are used to include 
the effect of hydrostatic stresses and the extent of densification.  Three different modes 
of densification, related to powder forging were studied i.e. upset forging, hot-
repressing and closed die forging. 
The simulation results indicate that both models can be used to determine the relative 
density during powder forging.  By comparing the simulated results with the 
experimental results, it is found that the density prediction given by the Gurson-
Tvergaard model showed closer agreement with the calculated parameters. 
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1 Introduction and literature review 
The powder forging method was introduced as a manufacturing method in the 
automotive industry nearly 35 years ago, and ever since it has been a competitive 
technology for producing light weight parts.  Recently, due to the “low cost titanium” 
product manufacturing initiative targeting a reduction in the cost of titanium 
components, the powder forging technique has gained interest [1].  In powder forging 
the titanium powders are uniaxially pressed in a closed die to achieve a desired near 
net shape.  After pressing a billet (from here on referred to as the powder compact), it 
is ejected from the die and later sintered (induction or vacuum furnace) at high 
temperature to attain diffusion bonding among the compressed particles.  The final 
densification and shape of the powder compact is achieved through powder forging in 
an open or closed die and this eliminates any residual porosity. 
The mechanical properties in forged titanium parts made using a powder route are 
superior to those found in wrought products. Also, near net shapes requiring minimum 
machining can be achieved.  Through the powder metallurgical routes of blending and 
alloying, a wide range of titanium metal products can be manufactured through powder 
forging.  Powder forging technology has been successfully proven in the automotive 
industry [2, 3], and has shown to be desirable for both high and medium volume 
titanium component production requirements. 
In powder forging, the key factors influencing successful component manufacture 
include a knowledge of materials used, powder consolidation characteristics in both 
initial powder compaction, sintering and during forging and tooling design.  
Understanding the powder characteristics and deformation mechanisms in each of the 
processing steps of die filling, compaction, ejection, sintering and powder forging, 
influences the overall quality and productivity of titanium parts via powder forging.  
Achieving high strength and ductility is desirable for powder forged titanium 
components used in general engineering and in those applications where enhanced 
performance is required. 
The relative density distribution achieved after powder forging is identified as an 
important factor in determining the overall strength, ductility and fatigue behaviour in 
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components.  An understanding of densification behaviour is therefore crucial.  A 
uniform density distribution promotes uniform mechanical properties throughout the 
final component making its properties more predictable and reliable.  Obtaining 
uniform density during compaction is also necessary to prevent undesirable distortion 
during the sintering phase or post compaction treatments such as machining and heat 
treatments.  Achieving full density in powder metallurgical products has often proven 
to be challenging due to the nature of the starting material, friction and temperature 
distributions associated with the die and compact.  However, uniform densification 
can be attained by appropriate manipulation of die geometry and temperature control 
resulting in predictable mechanical properties in a forged component. 
In recent decades, there have been significant advances in scientific research to 
simulate various aspects of powder metallurgical processing.  Studies [4-6] to 
numerically model the powder behaviour during the various stages in PM processing 
have increased our understanding of the behaviour of the powder during each phase 
of PM manufacturing.  Among the different methods used the finite element analysis 
method has become a predominant tool for predicting the density distribution during 
PM processing. 
For modelling a powder forging process in order to simulate the response of powder 
compacts during the powder forging process, a constitutive relationship and a 
numerical method are required.  An ideal constitutive model should be able to predict 
the stress states, strain rates, displacements and density distribution within a powder 
compact subjected to external forces.  Gurson’s model [7] has proven to be suitable 
for finite element modelling of the densification behaviour of porous materials 
undergoing large deformation. 
The Gurson model predicts the densification, stress states, displacement and frictional 
effects during a powder forging process.  For implementing the Gurson model 
different material parameters and simulation procedures are required for different 
powders, die configurations and loading types.  Several of these parameters and 
conditions require numerous and costly experimentation.  By successfully 
implementing a constitutive model, such as the Gurson model, in the early tooling 
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design phase, industry would be able to take advantage of precise information about 
the internal structure of a component, material failure characteristics during service 
life etc.  This would help improve the quality of a final product. 
1.1 Problem statement 
Simulating densification accurately during powder compact forging using finite 
element method is difficult due to the complexities associated with the implementation 
of the constitutive models.  In 1970, Gurson [8] proposed a continuum theory for 
ductile failure by void nucleation and void growth using a yielding criterion and flow 
rule for ductile porous material.  Gurson developed an approximate yield criteria and 
flow rules for porous ductile materials by demonstrating the role of hydrostatic stress 
in plastic yield and void growth.  Gurson’ s model has been successfully applied for 
various powder metal forming processes such as compaction, hot pressing sintering 
and hot isostatic pressing (HIP). 
More recently, researchers [9-11] have suggested several variations to the original 
Gurson model; however the basic Gurson yield function remains unchanged.  Among 
the different models available for simulating the densification behaviour of porous 
ductile materials, the Gurson model is accurate, simple and relatively easier to 
implement.  Several researchers have successfully applied the Gurson model to an 
analysis of consolidation behaviour during powder metallurgical processes [12, 13].  
However, there is little available literature which focuses on the fundamentals of the 
model when applied to the forging of titanium powder compacts with a low initial 
relative density as involved in powder compact forging. 
The Gurson model can be implemented for (both powder compaction and forging); 
however it must be calibrated for each material and the process under investigation.  
For this reason, much of the literature focusing on the implementation of this model 
in powder forging relies on empirical data for the material parameters.  Also, to the 
best of the author’s knowledge there are no data available on the material parameters 
for titanium powder compacts forged at low initial relative density. 
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1.2 Motivation and benefits 
Titanium metal is attractive for aerospace, industrial, marine, automotive, medical and 
sports applications due to its excellent mechanical properties and corrosion resistance.  
Despite titanium’s favourable properties, its application has been limited compared 
with steel and aluminium due to its high cost.  The high cost of titanium derives from 
the difficulty in extracting it from its ore and further electrolytic refinement prior to 
making ingots.  The cost gap further widens when fabricating useful components or 
structures. 
The powder compact forging technique provides a favourable alternative for 
producing near net shapes at reduced cost because of low material wastage.  Several 
researchers [12, 13] have carried out a theoretical analysis backed up by experimental 
data of the deformation and densification mechanism during powder forging.  But very 
little work has focused on the powder compact forging of titanium alloys with an 
initially low compact density. 
Further, recent research at the University of Waikato has successfully demonstrated 
the fabrication of titanium components, with acceptable microstructure and 
mechanical properties, using a powder compact forging technique [14].  For an 
industrial scaling-up of this technology it would be useful if the manufacturing route 
could be modelled based on an understanding of the deformation and densification 
mechanisms during powder compact forging.  The aim of this research is to make use 
of the benefits of FEA techniques in the design of powder compact forging processes, 
coupled with some advanced material modelling techniques.  The focus of this study 
is to analyse the powder compact forging process using the Gurson and Gurson-
Tvergaard models using finite element analysis and experimental studies.  Although 
these two models have been previously used to simulate various powder metallurgical 
processes, the implications of the Gurson-Tvergaard parameters in titanium powder 
compact forging have never been precisely studied. 
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1.3 Titanium and titanium alloys 
During the last few decades, titanium has been the metal of choice for many aerospace, 
marine, medical and other more general industrial applications.  Titanium metal is 
attractive because of its unique features such as lightweight, high strength and good 
corrosion resistance.  In weight titanium is 40 % lighter than steel.  The only other 
materials that are lighter than titanium are aluminium, magnesium and beryllium; 
however none of these metals have the same mechanical performance as that of 
titanium.  Titanium and titanium alloys operate in highly demanding situations in 
aerospace and gas turbine applications for both rotating and stationary parts [15].  
Despite the increasing applications of titanium in the aerospace industry, more 
recently there have been several non-aerospace applications such as in chemical 
processing, nuclear power plants, oil refineries, heat exchangers, medical devices, 
consumer products etc. [16, 17].  A major drive for titanium in non-aerospace 
applications is its excellent properties such as, low density, high specific strength, 
good corrosion resistance, and good bio-compatibility [18, 19]. 
 
Figure 1.1: Applications of titanium and its alloys 
Regardless of its favourable physical and mechanical properties, titanium alloys have 
yet to make significant advances into mainstream engineering applications, where 
metals such as steel and aluminium are predominant.  The primary reason that limits 
the more widespread use of titanium is its high cost [20-22].  The high cost is because 
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titanium production involves elaborate reduction processes, multiple melting steps and 
secondary processing operations for ingot breakdown and the production of semi-
finished products by forging rolling and extrusion. In addition if a part production 
requires machining the material wastage results in a further increase in production 
costs.  In addition to high processing costs, other technical challenges that are 
restrictive are titanium’s susceptibility to absorb oxygen, nitrogen and hydrogen [22] 
and machining difficulties.  Machining difficulties could be overcome by novel cutting 
tool coatings and improved machining practices such as laser assisted machining [23].  
Secondary manufacturing costs can also be significantly reduced by near-net shape 
manufacturing.  Additionally, titanium’s high affinity, at elevated temperatures, to 
interstitial elements such as oxygen and nitrogen necessitates production being carried 
out in a controlled environment, which adds cost. 
Based on their influence on the beta-transus temperature, the alloying elements of 
titanium are classified as neutral (Sn, Zr), alpha-stabilisers (Al, Ga, O, N, C) and beta-
stabilisers (V, Mo, Nb, Fe, Cr, and Ni).  Figure 1.2 shows the influence of alloying 
elements on the phase diagrams of titanium alloy. 
 
Figure 1.2: Influence of alloying elements on the titanium phase diagrams [24] 
The addition of alpha-stabilising elements extends the alpha phase field to higher 
temperature, whereas beta-stabilising elements shift the beta fields to lower 
temperatures.  The neutral elements have minor influence on the beta-transus 
temperature.  Among the alpha-stabilising elements, aluminium is an important 
alloying element.  It is important to mention that most commercially available titanium 
alloys belong to this category.  Interstitial impurities such as oxygen, nitrogen and 
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carbon are also considered as alpha-stabilising elements.  In addition to extending the 
alpha phase field to higher temperatures, the alpha-stabilisers develop into a two-phase 
alpha field as shown in figure 1.2 [24].  The alpha-stabilising elements are further 
subdivided into two categories; i.e. beta-isomorphous and beta-eutectic elements.  
Among beta-isomorphous alloying elements, Mo, V, and Ta, are considered important 
because of their higher solubility in titanium.  Furthermore, even very low volume 
fractions of beta-eutectic such as Fe, Mn, Cr, Co, Ni, Cu, Si, and H can lead to 
formation of intermetallic compounds.  The neutral elements Sn and Zr have no 
influence on the alpha or beta field boundaries. 
Depending on the phase present in the microstructure and alloy addition titanium 
alloys are classified as; 
1.3.1 (Alpha) α-Alloys 
α-Alloys are single phase alloys that are solid solution strengthened by addition of α 
stabilisers.  α-Alloys are typically stable and exhibit good high temperature properties, 
but the properties cannot be improved by heat treatment at microscopic level [16].  
Oxygen as an alloying element in α-titanium is an alpha stabilizer, and oxygen is an 
effective strengthening element in titanium alloys at low temperatures.  In 
commercially pure titanium oxygen is present in a weight percentage of 0.12 to 0.16 
%.  If the content of oxygen is too low, the strength can be low and the beta 
transformation temperature will be low.  On the other side, if the oxygen content is too 
high, durability and damage tolerance properties can be reduced.  Depending on the 
level of impurities, titanium alloys can be classified as extra low interstitial (ELI) 
titanium and ultrapure titanium.  Ti-8Al-1Mo-1V and Ti-2.5Cu are other common 
examples of α-titanium alloys. 
1.3.2 Near α-Alloys 
The strength and workability of these alloys have been enhanced by small additions 
of β stabilising elements (Mo and V).  Near α-titanium alloys have found many 
applications with their favourable integrated properties [16].  Near α–alloys are an 
excellent choice for applications that demand high strength and creep resistance.  The 
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most widely used titanium alloys in high temperature aero-engine applications belong 
to this class.  Ti-6Al-2Zr-1Mo-1V and Ti-6Al-2Sn-4Zr-2Mo are the best examples for 
this class of alloy. 
1.3.3 α +β Alloys 
These alloys contain both alpha and beta stabilisers.  The presence of alpha stabilisers 
improves the strength while beta stabilisers allow the beta phase to be retained after 
quenching.  The α +β alloys can be heat treated to develop a variety of microstructures 
and mechanical property combinations.  A primary example of this type of alloy is Ti-
6Al-4V which makes up more than half the sales of titanium alloys. 
1.3.4 Metastable β alloys 
Metastable β alloys contain a higher percentage (10 to 15 %) of beta stabilising 
elements compared to both α and α +β alloys.  In these alloys the β phase is maintained 
at room temperature in a metastable condition, enabling it to be forged at a wide range 
of temperatures.  These alloys have high strength, toughness, excellent hardenability 
and workability.  These alloys along with β alloys are an excellent alternative where 
high strength and fracture toughness is required.  These alloys are increasingly finding 
applications in aircraft structures and cutting edge surgical instruments due to their 
ability to be hardened and cold worked at relatively low temperatures.  An example of 
class of alloy is the Ti-15V-3Sn-3Cr-3Al alloy [24]. 
1.3.5 Thermo-mechanical processing (TMP) of titanium and its alloys 
Like many prominent engineering alloys, titanium alloys can also be forged into any 
desired shape based on the design criteria for the final product.  However, titanium 
and its alloys are among the most difficult materials to forge and are ranked behind 
that of high performance nickel alloys and some refractory metals.  For α+β titanium 
alloys the microstructure, when forging within the α+β two phase region, is influenced 
by the amount of plastic strain occurring during deformation [25].  When forging 
titanium alloys, over-exposure to high temperature should be avoided as it could result 
in excessive scale formation and surface phase changes due to reaction with interstitial 
elements such as oxygen and nitrogen.  The forging pressure required to deform 
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titanium depends on alloy composition, temperature, die geometry and strain rate.  The 
average value of flow stress required to forge titanium alloys is far higher than that for 
steel and aluminium [26]. 
Most titanium alloys are usually hot worked in the α +β phase range.  Both alpha and 
beta phases exist in the microstructure at all times.  The amount of alpha and beta 
depends on the processing temperature relative to the alpha/beta transus temperature.  
Figure 1.3 shows the variation in % alpha in the alpha/beta phase field with forging 
temperature.  From figure 1.3 it can be seen that at higher processing temperatures in 
the α+β region, more β will be available to transform on cooling. 
 
Figure 1.3: Phase diagram to predict results of titanium forging practice [27] 
Because of its lower density and heat capacity, during forging, titanium has a tendency 
to instantly lose heat to the colder dies and the surrounding environment compared 
with other materials such as steel.  It is recommended that for forging titanium alloys 
the dies are heated to a high temperature so that forging can be carried out isothermally 
as far as possible.  Isothermal forging can be expensive but can improve the overall 
quality of the final titanium forgings. 
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1.3.6 Effect of temperature on titanium alloy forging 
During forging the deformation characteristics of nearly all titanium alloys are 
sensitive to temperature [28].  Figure 1.4 shows typical forging pressure requirements 
for different titanium alloys.  It can be seen from the figure that for these selected 
titanium alloys, the forging pressure increases significantly with decreasing forging 
temperature.  Interestingly, the forging pressure for α alloy Ti-8Al-1Mo-1V increases 
nearly three times as the forging temperature decreases by 90 °C.  Such temperature 
variations could restrict the material flow in the forging die, thus it is important to 
minimise the heat losses when transferring the work-piece from the furnace to the 
forging die and during contact of the work-piece with the cooler forging die. 
 
Figure 1.4: Forging pressure vs. temperature comparison for different classes of titanium alloys [28] 
1.3.7 Effect of flow stress during the forging of titanium alloys 
The effect of temperature on flow stress in titanium alloys differs with alloy type.  
Figure 1.5 shows typical flow stress curves for α, α + β and β titanium alloys.  From 
figure 1.5 (a), it can be seen that a more difficult to forge α titanium alloy (Ti-8Al-
1Mo-1V) shows a greater sensitivity to temperature.  For instance, the flow stress at 
900° C is two to three times higher than that of the alloy at 1010° C.  The α + β alloy 
(Ti-6Al-4V), shown in figure 1.5 (b) also shows a higher sensitivity to temperature but 
to a lesser extent to that of α titanium alloys, especially at higher levels of total strain 
[24]. 
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Figure 1.5: flow stress curves for (a) CP-titanium, (b) Ti6Al4V and (c) Ti-8Al-8V-2Fe-3Al at different 
temperatures [28]  
At 1000 ° C, an α + β titanium alloy, shown in figure 1.5 (b), is above the nominal 
beta-transus temperature (950° C to 995° C) for the alloy, and the structure, being 
entirely body centre cubic (BCC), is relatively easy to deform.  From figure 1.5 (c) it 
can be seen that the β titanium alloy (Ti-10V-2Fe-3Al), shows a lesser sensitivity to 
temperature at higher levels of total strain.  Also it is worth mentioning that the beta-
transus temperatures for these classes of alloy are lower than the beta-transus 
temperatures of α and α + β titanium alloys.  This is significant, as a β titanium alloy 
when forged below the beta-transus temperature, will flow more easily.  However, at 
higher strain rate above the beta-transus temperature, the flow stress reduction 
achieved by deforming β alloys is less than that for α and α + β titanium alloys.  Table 
1 shows recommended forging temperature ranges for common titanium alloys. 
Alloy type Beta-transus 
temperature,( ̊C) 
Forging temperature range 
( ̊C) 
α or near α alloys 
Ti-CP 915 815-900 
Ti-5Al-2.5Sn 1050 900-1010 
α + β alloys 
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Ti-6Al-4V 995 900-980 
Ti-6Al-6V-2Sn 945 845-915 
β, near β and metastable β alloys 
Ti-8Al-8V-2Fe-3Al 775 705-925 
Beta C (Ti-3Al-8V-
6Cr-4Mo-4Zr) 
795 705-980 
Table 1: Recommended forging temperatures for common titanium alloys [28] 
1.3.8 Effect of deformation rate on forging titanium alloys 
Titanium alloys are highly strain rate sensitive during high temperature forging.  
Figure 1.6 shows typical flow stress curves for three classes of titanium alloys (i.e α 
α+β, and β alloys) forged at three different strain rates at three temperatures (α alloy 
Ti-8Al-1Mo-1V at 955 °C, α-β alloy Ti-6Al-4V at 900 °C and β alloy Ti-10V-2Fe-
3Al at 815 °C).  It can be seen that for each of these alloys, as the deformation rate is 
reduced from 10/s to 0.001/s, the flow stress can be reduced by a significant amount 
(nearly ten times). 
 
Figure 1.6: Flow stress curves for (a) CP-Titanium, (b) Ti6Al4V and (c) Ti-8Al-8V-2Fe-3Al  titanium 
alloys at different strain rates [28] 
From figure 1.6 it can be seen that the flow stress of an α+β titanium alloy at a 
temperature 900°C, at 50% strain and with a strain rate of 10/s is 205 MPa, which is 
nearly four times higher when compared to the flow stress at a strain rate of 0.001/s.  
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Due to the strain rate sensitivity of most titanium alloys, it is generally advantageous 
to deform these alloys at relatively lower strain rates in order reduce the resistance to 
deformation during the process [22].  However, when forging under non-isothermal 
conditions where the temperature of the dies is relatively cold, the benefit of low strain 
rate forging is outweighed by substantial heat loss to the die and surroundings. 
1.4 Introduction to powder forging (P/F) 
The early efforts [2, 3, 29] by powder metallurgy (P/M) industries to obtain high 
density parts led to the development of the powder forging process.  Powder forging 
(P/F) involves the production of high strength P/M components by powder 
compaction/ sintering followed by consolidation of the powder by hot forging to attain 
the final density.  The final density obtained by powder forging is closer to full density.  
Powder forging first appeared during the late 1960s due to the market drive towards 
higher density, higher performance with a potential for lower cost through material 
savings. 
During the 1970s, the first production PF connecting rod was introduced by GKN for 
the Porsche 928 engine [3].  Powder forging gave Toyota an edge over its competitors 
on cost reduction by utilising a Fe-Cu-C powder mixture.  Embracing Toyota’s success 
in Japan with PF, the Ford motor company implemented and took a lead in PF in the 
mid-1980s, which was then followed by GM (General motors) and Chrysler in the US.  
In Europe, the acceptance of the technology occurred during early 1990s with BMW 
and Jaguar introducing PF in their production lines [3].  The powder forging process 
has been widely used in the manufacture of parts for many critical structural and high 
performance applications such as connecting rods, gears and transmission shafts as 
shown in figure 1.7.  Powder forging enhances the geometric precision with improved 
load bearing capability.  It overcomes the mechanical property limitations imposed by 
the residual porosity in conventional P/M processes. 
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Figure 1.7: Powder forged automotive parts [30] 
1.5 Powder forging process 
The powder forging process, involves axial compression of a powder preform to 
develop a full density finished part.  The process has three different stages i.e. 
compaction, sintering and forging as discussed below; 
1.5.1 Compaction stage 
During the compaction stage the metal powder is gravity-fed into a cylindrical die, the 
powder is then axially pressurised into a dense mass known as “powder compact”.  
After the compaction the powder compact is ejected out of the die.  Compaction is 
commonly performed at room temperature and under controlled pressure depending 
on the density requirements.  For powder forging, the powder compacts usually have 
a shape closely resembling the finished part.  The relative density of these powder 
compacts varies from 60 to 75 per cent of the full theoretical density, which means 
that that there is sufficient strength for handling and transporting to the furnace or die. 
1.5.2 Sintering stage 
In the sintering stage, the powder compact is placed inside a controlled atmosphere 
furnace, where it is heated below the melting point of the base metal and held at the 
sintering temperature and cooled.  At the sintering stage, diffusion of atoms occurs at 
a high temperature which is driven by a reduction in the free surface energies of small 
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particles.  Smaller particles usually sinter faster because of the high specific area and 
energy [31].  The bonding between particles during sintering is evident on the 
microstructural scale as seen by neck growth, where small neck grows at the sinter 
bonds between particles [1, 26].  The particle bonding is associated with elimination 
of pores, an increase in density, sinter bonding neck size and the shrinkage of the 
powder compact.  During sintering it is common for a powder compact to undergo 
significant shrinkage or dimensional change as it densifies.  The relative density 
obtained after sintering depends on the sintering time, temperature and the material 
and is often characterised by “sintering densification curves”. 
1.5.3 Powder compact forging 
In powder compact forging, a semi-consolidated powder preform is heated to a 
temperature in a controlled atmosphere induction furnace and held at a high 
temperature for certain duration depending on the material.  After induction sintering 
stage, the powder compacts are transferred to the die and forged to the final required 
shape. 
1.6 Advantages of powder forging 
•  A primary advantage of powder forging is its ability to attain near net shape 
parts with maximum material utilisation.  This is crucial for expensive 
materials like titanium where enormous savings can be achieved from reduced 
machining costs. 
• There is a potential for manufacture of high performance components with 
improved mechanical properties resulting from full densification. 
• The production of a wide range of alloys using mechanical blending and a 
blended elemental approach. 
• It is suitable for high volume production of components. 
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Figure 1.8: Schematics of powder forging. 
1.7 Powder forging classifications 
The powder forging process can be classified in two different ways, the first is based 
on the type of forging-sintering sequence opted used e.g. cold forging, forged 
sintering, sinter-forging and direct powder forging as illustrated in figure 1.9.  
Secondly, based on the type of material flow during deformation; such as in hot 
upsetting and hot repressing. 
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Figure 1.9: Powder forging classifications [32] 
In cold forging, the powder compact is pre-sintered and cold pressed to achieve the 
density requirement.  Cold forging is commonly adapted for ferrous products such as 
P/M gears and bearings.  In forge sintering, the powder compact is first forged to a 
given minimum density and then fully sintered in a furnace to the required final 
densification.  This method is prevalent when selective densification is necessary.  In 
sinter-forging, which is a widely accepted powder forging technique, a powder 
compact is sintered and immediately transferred to the forging press and forged.  The 
key advantage of this process is that an additional heating stage can be avoided by 
carefully controlling the process cycle.  Sinter-forging is widely used in the automobile 
industries in the production of connecting rods.  Lastly, direct powder forging, or 
powder compact forging, which is a relatively new process where, a compact is 
induction heated in a controlled atmosphere and the final density is achieved by 
forging.  The key benefit of this process, especially in the case of titanium alloys, is 
that the cost is kept low by avoiding a separate sintering cycle. 
1.7.1 Hot upsetting 
In hot upsetting the material undergoes a significant amount of material flow in a 
direction lateral to the applied force.  In upset powder forging the material flow in the 
unconstrained lateral direction causes a stress state across the pores which is a 
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combination of normal and shear stresses [2].  The circular pores under the normal 
load become flattened and elongated in the direction of material flow.  The shear stress 
induced by a sliding motion breaks down any residual inter-particle oxide films and 
promotes strong metallurgical bonding across collapsed pore interfaces. 
1.7.2 Hot re-pressing 
In hot re-pressing, the material flow during densification is in the direction of 
application of the applied force.  The hot re-pressing powder forging process leads to 
a small difference between the vertical and horizontal stresses which causes lower 
material flow in the lateral direction.  During densification the stress state approaches 
pure hydrostatic with no material movement in the horizontal direction.  While lateral 
material flow occurs, the circular pores within the material flatten and the opposite 
sides of the pore are brought together under pressure.  Reduced inter-particle 
movement compared to those found during up-set powder forging may result in low 
ductility and fracture toughness. 
In powder forging, the role of porosity as a factor which limits the level of mechanical 
properties is well understood from previous studies [29, 33].  The voids between 
particles act as a site for fracture initiation and a path for crack propagation, hence 
elimination of pores by deformation processing is required for achieving static 
mechanical properties (i.e. tensile strength and ductility) that are directly related to 
residual porosity [2].  However, dynamic mechanical properties (i.e. fatigue and 
impact resistance) are not only affected by porosity but also by the material flow 
during plastic deformation.  It has been documented that obtaining full density by 
lateral material flow results in parts with superior mechanical properties than those 
developed by repressing deformation [34]. 
1.7.3 P/M of titanium and titanium alloys 
There is general an interest in using PM titanium technology as an alternative to 
manufacture titanium parts to lower the cost [20, 25].  In addition, the production of 
parts with full density and with good strength and ductility, or parts with controlled 
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levels of porosity, can be made using a P/M route for customised applications.  The 
mechanical properties vary with levels of porosity. 
A few years ago, titanium powder was considered to be very expensive, however novel 
methods of producing homogenous titanium powder alloys have been developed [26].  
As a result of this low cost titanium powders are becoming more commercially 
available and near net shape parts can be produced with significantly reduced costs.  
Manufacturing of complex titanium components that are considered to be challenging 
and expensive by conventional methods can be easily achieved by P/M techniques 
provided there is readily available low cost powder.  A combination of low cost 
titanium powder with near net shaping technology has a potential to initiate a paradigm 
shift in the applications of titanium metal [25]. 
1.8 Powder forging of titanium and its alloys 
As highlighted in section 1.7.3, the production of titanium components using a P/M 
route appears to be an effective way to reduce costs.  Several researchers have 
investigated the consolidation of titanium alloys using a powder forging technique.  
Weiss et.al [35] investigated powder forging of titanium alloy Ti-6Al-4V and its effect 
on microstructure, pore closure, tensile and fatigue properties.  The samples obtained 
after forging revealed equiaxed α grain structures that enhanced fatigue properties.  
Zhao et al [36] studied the effect of isothermal forging of powder compacts produced 
via a HIP route.  Their results indicated an improvement in properties and 
microstructure of titanium alloy components produced by powder forging.  A study 
was carried out by Qiu et. al. [37] to optimize the processing parameters for a titanium 
alloy connecting rod produced by a powder forging technique.  They investigated the 
deformation energy required for powder forging a titanium alloy connecting rod and 
the role of deformation temperature.  Recently, near net shaping techniques were 
reported by Oak Ridge National Laboratory involving titanium parts fabricated using 
a single step process using titanium powder produced by the Armstrong process ™ 
[38].  The processing technique described in this work is equivalent to hot 
consolidation of the titanium powder in an encapsulated steel tube and sintering at 
high temperature followed by forging and extruding to the final shape. 
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1.9 Factors affecting the quality of titanium powder forged parts 
Several factors affect the quality of powder forged products.  These include material 
flow stress, forging temperature, pressure, tooling setup and density distribution.  
Processing titanium metal requires additional precautions due to its affinity to 
interstitial impurities such as oxygen, nitrogen and hydrogen.  Often high temperature 
processing of titanium alloys requires a vacuum or controlled atmosphere to avoid 
contamination from these impurities. 
1.9.1 Forging pressure 
It is well documented that forging pressure has a direct influence on the consolidated 
density.  This is due to the fact that at higher pressure the pores tend to close more 
effectively irrespective of the forging temperature.  However, the amount of forging 
pressure that can be applied during both compaction and forging depends on the 
capability of the press equipment.  Also, higher pressure can lead to premature failure 
of the tooling involved; thus it is necessary to determine the optimum pressure that is 
required for the process. 
1.9.2 Forging temperature 
As illustrated in section 1.3.5, forging titanium alloys requires high temperature.  
Generally titanium alloys are hot worked near the beta phase temperature region 
because at this region the titanium metal has a (body centred cubic) BCC structure 
which is easier to deform.  It is important to mention that since titanium powder 
compacts have a porous structure and low thermal conductivity, they are often difficult 
to heat and maintain at a specific temperature during forging.  Though the flow stress 
required for powder forging is lower at higher temperature, there are limits to which a 
powder compact can be heated and held at high temperature due to incipient melting.  
However, too high a forging temperature could negatively impact on the tooling life. 
1.9.3 Titanium powder 
The ability of titanium powder to be effectively compacted and the resulting properties 
of a compact before and after powder forging depend on the characteristics of the 
starting powder.  Powder characteristics such as particle shape and size, apparent 
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density, internal microstructure, chemical composition, flowability, compressibility 
and the surface condition of individual powder particles plays a crucial role in the 
dynamic behaviour of the powder during compaction and material flow during powder 
forging.  Titanium powders that are used for powder forging applications can be 
classified based on the powder shape into blended elemental powder and pre-alloyed 
powder. 
Commercially available titanium powders are commonly produced by the Kroll 
process which involves chlorination of titanium oxide rich ore in the presence of 
carbon and the resulting product reacted with magnesium to produce titanium sponge.  
The sponge is ground to a particle size ranging from 45 to 185 µm.  These fine particles 
are then alloyed with other metals to produce a blended powder.  These powders when 
compacted and sintered under a high temperature can achieve up to 99.9% 
densification.  A blended elemental approach has been successfully used at Toyota to 
produce valves [39]. 
Pre-alloyed titanium powders can pre produced by several techniques, for example by 
using a hydride-dehydride process (HDH) where metal scraps or machine turnings are 
cleaned and hydrogenated to produce a brittle material which is then ground to fine a 
powder.  The quality of pre-alloyed titanium powder is generally much higher than 
that of blended elemental powder, and is suitable for high value applications such as 
aerospace.  HDH powders containing hydrogen on the other hand retains low oxygen 
level when sintered in hydrogen atmosphere under a controlled sintering cycle.  This 
is achieved by heating the powder compact to a temperature range of 200 ̊C to 300 C̊ 
and holding it at up to 60 minutes before proceeding to the full sintering cycle [40].  
At this condition it is found that hydrogen release from HDH powder plays an 
important role in titanium powder particles with respect to oxygen.  The emitted 
hydrogen thus benefits sintering kinetics in HDH powder articles by reducing surface 
oxides and enhancing diffusion [41]. 
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1.10 Tooling design considerations for titanium powder forging 
Appropriately designed forging tools or dies are an important element in the successful 
production of powder forged parts, as they not only provide the desired shape, but 
should also be reliable and give repeatability.  Since the tooling cost constitutes a 
major part of the overall process cost, every effort must be made to ensure that they 
do not fail during the powder forging operation.  The final dimensions and tolerance 
of the part produced directly relates to the die geometry, hence careful attention must 
be paid to proper die dimensioning.  Furthermore, special consideration needs to be 
made in the selection of a die material and heat treatment requirements for optimum 
performance during operation.  In the next section some of the technical requirements 
while designing compaction and forging dies are discussed. 
1.10.1 Powder compaction die design 
As discussed in section 1.7, the material flow during powder forging improves the 
mechanical properties of the final part; however large deformation can also lead to 
fracture of the part during powder forging.  The following factors need to be taken into 
consideration while designing the powder compaction tools:  
• The die cavity must be easy to fill and be able to accommodate the exact 
quantity of powder required depending on the weight of the final part. 
• The density distribution in the powder compact after compaction must be as 
uniform as possible 
• Apposite tolerance between the punch and the die for smooth movement 
during compaction. 
• The die material should have high strength and toughness to withstand 
compressive and hydrostatic stresses during compaction; also it should have 
high wear resistance on the inner surfaces. 
• The powder compact should be easy to eject after compaction without 
damaging the die. 
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The most commonly used die materials are an H13 tool steel for warm compaction 
with a surface hardness up to 54-56 HRC; and a D2 cooled working tool steel for cold 
compaction. 
Powder compaction dies can be classified depending on the pressing action, as giving 
single action compaction or double action compaction. Figure 1.10 illustrates the 
schematics of single action press compaction and dual action press compaction with 
respective relative density variations.  In single action compaction, the powder 
compact is produced by a single action of the top punch, while the bottom base remains 
stationary.  The overall relative density obtained by single action pressing is low 
compared to dual action pressing.  The density variation is high with this type of 
compaction, with the highest relative density at the top right corner and lowest relative 
density at the bottom corners as shown in figure 1.10.  Meanwhile in dual action 
compaction pressing the powder compact is produced by the dual action of the punch.  
Dual action powder compaction is quite popular in the P/M industry because it gives 
a more uniform density.  It can be seen from the density plot in figure 1.10 that the 
relative density is lowest in the middle and highest at the top and bottom corners of a 
powder compact.  The movement of the dual punch can be simultaneous or 
synchronous depending on the press machine and density requirements. 
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Figure 1.10: (a) Single action compaction; (b) dual action compaction 
A high density, uniform powder compact is a necessity for producing a quality powder 
forged part.  High variations in relative density can lead to distortion during sintering 
and a high temperature gradient during induction heating.  This problem can be 
significantly reduced by using dual action pressing but it requires a press machine that 
is capable of applying biaxial pressure which leads to high initial cost.  An alternative 
to dual action pressing is through using a floating-die tooling principle as shown in 
figure 1.11, where the die is mounted on springs which balance the weight while the 
upper punch exerts the necessary compaction pressure.  After compaction, pressure is 
applied to the die which forces the bottom support to move the powder compact 
upwards to eject the part. 
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Figure 1.11: Tooling principle using a floating die [42] 
The only drawback of a floating die arrangement is that the design tends to be 
sophisticated for parts that require multi stage compaction [42]. 
1.10.2 Powder forging die design 
The dies for powder forging are similar to those used for ingot metal forging, except 
that in many cases the material is completely deformed in the die cavity (i.e. no flash 
formation).  The tooling often contains the profile of the final part to be forged.  Die 
corners are provided with a large radius for easy flow of material under deformation.  
Closed die forging has emerged as a trend in powder forging compared to traditional 
impression die forging for two reasons; 
• Near-net precision, with minimum machining required after forging; therefore 
maximum material utilisation. 
• Low stresses on the die during deformation, hence increased tooling life. 
A major drawback of closed die forging is a reduction in material flow and grain 
deformation which might affect the mechanical properties of the final part.  In closed 
die forging there is no allowance for excess material, a preform which is relatively 
large in size could overload the tooling and subsequently the press itself. 
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Isothermal forging principles are commonly adopted for forging titanium alloys.  In 
isothermal forging, the forging dies and the raw titanium billet is heated to a high 
temperature called an ‘iso-thermal condition’.  When under iso-thermal conditions, as 
the load is applied through the die on to the billet, the heat transfer between the billet 
and the die interface is significantly reduced, and thus the material flow characteristics 
are improved.  Since most titanium alloys have high flow strength, the load 
requirements for forging could be reduced to a great extent by iso-thermal forging. 
1.11 Powder compact or preform design 
Designing an optimised powder compact starting shape for powder forging is 
important as it directly influences die filling and the occurrence of defects such as laps, 
seams, and ‘flow-through’ (a shear related defect caused by excess metal flow at 
already filled regions in the die).  The initial powder compact geometry can also 
influence the final grain size, density distribution and plastic deformation after powder 
forging.  Also, it is important to mention that; the ease of making a powder compact 
can significantly influence the overall economics of the powder forging process.  Thus, 
the cost of producing a powder compact must be kept as low as possible for powder 
forging to be competitive. 
1.12 Density distribution of initial powder compacts 
The relative density distribution in a powder compact often varies for different 
materials.  A density-pressure curve relationship is a widely used method in P/M 
industries to study the compaction behaviour of different types of powder [31].  Figure 
1.12 shows a typical density-pressure curve obtained by cold compaction of Ti-6Al-
4V alloy powder produced by Armstrong process™. 
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Figure 1.12: Relative density of Ti-6Al-4V powder as a function of applied pressure [43]. 
It can be seen from the above figure that the relative density increases monotonically 
with the applied pressure, however the slope of the curve decreases as a result of low 
compressibility at higher pressures.  James [44] reviewed the mechanisms governing 
the powder consolidation process.  In the first stage of powder compaction, the 
particles re-arrange themselves by flowing past one another and the new packing 
arrangement is referred to in some literature as ‘transitional restacking’.  In this stage 
the total void volume reduces due to sliding of particles on each other.  This stage 
comes to an end by an interlocking of particles due to frictional forces when the 
pressure increases.  In the second compaction stage the densification is attributed to 
both elastic and plastic deformation of particles.  In this stage, individual particles 
deform plastically and become flattened so that they form additional contact with each 
other [43].  In the third stage of compaction, final densification occurs by cold 
working, with or without particle fragmentation. 
In a powder forging simulation procedure, the initial density distribution in a powder 
compact is critical.  The densification behaviour depends on powder characteristics 
such as plastic deformation, surface hardness, work hardening and the degree of 
adhesion of the particles [34].  It can be seen from figure 1.13 that the final relative 
density after compaction could be non-uniform. 
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Figure 1.13: Typical relative density distribution after compaction [43] 
The several processing parameters that influence the final density distribution of the 
powder compact are given below; 
• applied force on the powder 
• die filling and powder morphology 
• geometrical constraints in tooling 
• compaction temperature 
• friction and lubrication conditions 
Several researchers have demonstrated that titanium alloy powders can be compacted 
to high densities [34, 43, 45] and both cold compaction and warm compaction 
techniques have been investigated.  The dynamics of compaction of titanium powder 
is similar to the compaction of traditional powder metallurgical materials; however the 
flow behaviour has been found to be different.  As the flow stresses for various 
titanium alloys are different, the pressures required for consolidation are also different.  
For example, titanium powder Ti-6Al-4V requires a higher pressure compared with 
pure titanium. 
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2 Constitutive equations 
2.1 Modelling powder forging by the finite element method 
The Finite Element Method (FEM) is an analytical engineering tool developed in the 
1960s to find solutions to complex problems experienced in structural mechanics and 
fluid dynamics [46].  Although originally developed to determine stresses in structural 
mechanics problems, today it has been extended and applied to analyse problems that 
are related to manufacturing processes.  From a mathematical point of view, the finite 
element method involves finding the approximate solutions of partial  differential 
equations [47].  The main characteristic of FEM is its ability to discretize a continuous 
domain into a set of sub domains that can be numerically solved iteratively. 
The importance of FEM simulation has been well understood in the metal forming 
industry since the 1960s.  Manufacturing a part by forging can in the first instance 
require a trial and error approach to optimise the tool and die cavity shape.  The main 
purpose of simulation in metal forming is not to replace practice, but to support it by 
visualising the material flow and process variables even before the manufacture of the 
tool or dies begins [48].  Recently several commercial software packages have been 
developed to solve complex metal forming problems [49, 50].  Numerous FEM solvers 
have been developed to predict instantaneous flow velocities, strain rates, strains, 
stresses, relative densities and temperature distributions within the deforming material.  
A reliable FEM program for metal forming simulation should give the following [48]; 
• the material flow (i.e. viscoplastic or rigid plastic) behaviour at high 
temperature and the dependence of the material flow rate to the strain rate; 
• a display of the grain flow pattern occurring within the material during the 
deformation process; 
• the influence of the temperature distribution both inside the material and at the 
boundary with the contacting tools; 
• the influence of mechanical strains on the thermal history of a work piece and 
the dies; 
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• the influence of tooling velocity or displacement on the deformation history of 
the work piece. 
According to various constitutive models used for material deformation, FEM in metal 
forming can be classified as elastic-plastic, rigid-plastic, rigid-viscoplastic or elastic-
viscoplastic [51].  Figure 2.1 shows the classification of different materials flow 
models with respect to stress-strain curves.  From figure 2.1 it can be seen that in rigid-
plastic and rigid-viscoplastic analysis the elastic portion has been neglected.  The 
major difference between plastic and viscoplastic is that flow stress is strain rate 
dependent in visco-plastic material models, while in plastic models, the strain rate has 
no influence on stress [52].  For general metal forming simulation, where large 
deformation is expected, elastic-plastic FEM (Prandtl-Reuss constitutive relation) and 
rigid-plastic FEM (Levy-Mises constitutive relation) are adopted and have been 
proven to give similar results [51]. 
 
Figure 2.1: different types of material flow curves [51, 52]  
During the past few decades, a number of finite element analysis procedures for 
modelling powder metal forming processes have been reported in the literature.  These 
analyses are broadly grouped by the type of presumed material flow behaviour as 
elasto-plastic [53-55], rigid-plastic [56, 57] and elastic-viscoplastic types [58, 59].  
From the literature, it can be said that the elasto-plastic and the rigid-plastic material 
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models are suitable for powder compaction and sinter-forge applications, whereas 
elastic-viscoplastic material models are acceptable for powder compact forging and 
powder compact extrusion processes.  This is due to the fact that in powder compact 
forging the material is strain rate sensitive and exhibits viscous behaviour during high 
temperature deformation. 
As a powder forging process generally involves both material and geometric 
nonlinearities, the step size required for an accurate integration is small.  An elasto-
plastic analysis may be necessary if the residual stresses need to be determined, 
whereas a rigid-plastic analysis is suitable if the load or pressure required for the 
deformation needs to be estimated. 
2.2 Finite element formulations 
While modelling the material flow behaviour in powder forging it is important to relate 
the stress and hydrostatic pressure to the strain rate and the density.  In this section, 
we discuss the rigid-viscoplastic and thermo-elastic viscoplastic formulations as these 
two material flow behaviours are common in forging simulations. 
2.2.1 Rigid-viscoplastic (RVP) FEM 
Rigid-viscoplastic FEM is used to analyse problems related to optimisation of the 
process technology, for example tooling design, defect predications such as wrinkles 
or cracks and the evaluation of product formability.  Traditionally rigid-viscoplastic 
FEM is based upon the rigid-viscoplastic variation principle and can be solved by 
numerical iterations such as the Newton–Raphson method.  The variables and 
computational capacity required are relatively low, however difficulties such as 
convergence problems do exist.  These convergence problems are due to difficulties 
with the contacts, rigid zones and frictional forces. 
The variation principle can be described as: among admissible velocities that satisfy 
the conditions of compressibility and incompressibility, as well as the velocity 
boundary conditions, the actual solution gives the following function a stationary 
value, 
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𝜋𝜋 = ∫ 𝐸𝐸�𝜀𝜀𝑖𝑖𝑖𝑖�𝑑𝑑𝑑𝑑𝑉𝑉 − ∫ 𝐹𝐹𝑖𝑖𝑢𝑢𝑖𝑖𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆   2.1 
where, 𝜋𝜋 is the variational function, 𝐸𝐸�𝜀𝜀𝑖𝑖𝑖𝑖� is a work function, and is described as 
𝐸𝐸�𝜀𝜀𝑖𝑖𝑖𝑖� = ∫  𝜎𝜎𝑖𝑖𝑖𝑖d𝜀𝜀𝑖𝑖𝑖𝑖0 𝜀𝜀𝑖𝑖𝑖𝑖 = ∫ 𝑞𝑞d𝜀𝜀 𝜀𝜀0   2.2 
When the incompressibility condition is considered using a penalty function method, 
the incompressibility constrain on the admissible velocity in equation 2.2 is eliminated 
by introducing a penalty constant 𝛼𝛼 and the above function can be written as; 
𝛿𝛿𝜋𝜋 = ∫ 𝑞𝑞𝑉𝑉 · 𝛿𝛿𝜀𝜀 · d𝑑𝑑 + 𝛼𝛼 · ∫ 𝜀𝜀𝑉𝑉 · 𝑞𝑞 · 𝛿𝛿𝜀𝜀𝑉𝑉𝑉𝑉 · d𝑑𝑑 − ∫ 𝐹𝐹𝑖𝑖𝛿𝛿𝑢𝑢𝑖𝑖𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆   2.3 
where, 𝑞𝑞, 𝜀𝜀, 𝜀𝜀𝑉𝑉, 𝐹𝐹𝑖𝑖 and 𝛼𝛼 are the effective stress, effective strain rate, volume strain 
rate, surface traction and penalty constant.  Several studies for example, Cocks [60], 
Sofronis and McMeeking [61], Michel and Suquet [62], have modelled porous 
material using a rigid-viscoplastic modelling approach. 
2.2.2 Elasto-viscoplastic (EVP) FEM 
An elasto-viscoplastic modelling approach is applied in metal forming simulations 
when materials are strain rate sensitive.  The method is particularly suitable for 
modelling high temperature deformation of materials subjected to arbitrary loads and 
temperature histories as encountered in forging operations.  The constitutive equations 
for elasto-viscoplastic behaviour, based on an additive decomposition of the strain rate 
for an isotropic material, can be written as; 
𝜀𝜀̇ = 𝜀𝜀̇𝑒𝑒𝑒𝑒 + 𝜀𝜀̇𝑝𝑝𝑒𝑒  2.4 
where, 𝜀𝜀̇ is the total strain rate, 𝜀𝜀̇𝑒𝑒𝑒𝑒 is the elastic strain rate and 𝜀𝜀̇𝑝𝑝𝑒𝑒 is the plastic strain 
rate respectively.  The relationship between the bulk modulus (𝐾𝐾), shear modulus (𝐺𝐺), 
Poisson’s ratio (𝑣𝑣) and the Young’s modulus (𝐸𝐸) is given by the following equations; 
𝐾𝐾 = 𝐸𝐸
3(1−2𝑣𝑣) 2.5 
and,  
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𝐺𝐺 = 𝐸𝐸
2(1+𝑣𝑣)  2.6 
The elasticity can be written in terms of the volumetric and deviatoric stress 
components as shown below; 
Volumetric component (𝑝𝑝), 
𝑝𝑝 = −𝐾𝐾 ·  𝜀𝜀𝑣𝑣𝑣𝑣𝑒𝑒 = −13   (σ11 + σ22 + σ33)   2.7 
where, 𝑝𝑝 is the Von Mises stress, 𝜀𝜀𝑣𝑣𝑣𝑣𝑒𝑒 is the volumetric strain, σ11, σ22 and σ33 are 
the stress tensors. 
Deviatoric component (𝑑𝑑), 
𝑑𝑑 = 2 𝐺𝐺 · 𝜀𝜀𝑒𝑒𝑒𝑒 =  σ +  𝑝𝑝𝑝𝑝  2.8 
The flow rule is given by; 
𝛿𝛿𝜀𝜀𝑝𝑝𝑒𝑒 = 𝛿𝛿𝜀𝜀𝑝𝑝𝑒𝑒 · 𝑛𝑛  2.9 
where, 
𝑛𝑛 = 3𝑆𝑆
2 𝑞𝑞  2.10 
𝜀𝜀𝑝𝑝𝑒𝑒 is the equivalent plastic strain rate, and 𝑞𝑞 is the Von Misses stress. 
If the material is rate and temperature dependent, then the yield function is described 
as below; 
𝑞𝑞 = σ0 (𝜀𝜀𝑝𝑝𝑒𝑒,𝜃𝜃)  2.11 
where, σ0 is the yield or flow stress, and is given as a function of temperature and 
equivalent plastic strain rate. 
2.3 Modelling approaches in powder forming 
In order to simulate the material flow during powder forming it is imperative to 
understand the different mechanics of powder behaviour while undergoing 
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deformation.  The advanced numerical models for powder forming can be classified 
as micromechanical models and macro-mechanical models [63].  Micro-mechanical 
models consider the discrete nature of the powder particles such as particle sliding, 
crushing, rolling and segregation, while in macro-mechanical models the overall 
behaviours of the powder mass is treated as a solid continuum [64]. 
2.3.1 Micro-mechanical approach 
Micro mechanical models focus on inter-particle behaviour such as orientation, 
distribution of porosity, volume fraction of particles etc.  The application of this 
approach however is limited by the discrete nature of the powder and by the fact that 
a representative portion will be comprised of millions of individual powder particles 
making the model require a high computational capability.  Several researchers [6, 65] 
that support a micro-mechanical approach assume that the powder is comprised of 
spherical single sized particles arranged in a regular manner.  However, for simulating 
industrial problems this approach is impractical as it cannot represent the global 
behaviour [63, 64]. 
2.3.2 Macro-mechanical approach 
A macro-mechanical approach is mostly used in many metals forming problems, and 
has been adopted in various powder forming simulation studies.  Macro-mechanical 
material models are more reliable to simulate powder forming processes such as 
powder compaction, sinter-forging and direct powder rolling consolidation.  This type 
of approach is capable of providing crucial information such as yielding behaviour of 
the powder assembly, density distribution, stress states and compact shape before and 
after deformation etc.  The powder forging process involves thermo mechanical 
pressing, where the macroscopic behaviour of the material is highly significant as 
heterogeneous densification can cause failure or fracture in the final part [63]. 
Both micro-mechanical and macro-mechanical modelling approaches are important 
and have their advantages and disadvantages when applied to powder compaction and 
forging.  But, from an industrial perspective a macro-mechanical approach has the 
edge over a micro-mechanical approach as it is able to model the gross behaviour of 
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the powder which is crucial for industrial scale problems.  In this work, we apply 
Gurson’s yield criteria for porous materials to powder forging, which is known to be 
a micro-macro modelling approach as it incorporates the micro-mechanics of void 
nucleation [66, 67]. 
2.4 Porous metal plasticity and advanced yield criterions for porous materials 
During the plastic deformation of porous materials, the volume of the material shrinks, 
as the density of the material increases.  This density increase is called densification 
and is considered to be essential as it improves the physical and mechanical properties 
of the final part.  Following densification during plastic deformation, the plasticity 
theory of fully dense materials, based on a constant volume condition, cannot be used 
to analyse the deformation of porous materials.  For modelling porous materials, a 
constant mass condition is often applied [63]. 
The constant mass condition is expressed as below;  
𝑑𝑑𝜀𝜀𝑣𝑣 + 𝑑𝑑𝜀𝜀𝑝𝑝 = 0 2.12 
or  𝑑𝑑𝜀𝜀1 + 𝑑𝑑𝜀𝜀2 + 𝑑𝑑𝜀𝜀3 + 𝑑𝑑𝑑𝑑𝑑𝑑  = 0 2.13 
Where, 𝑑𝑑𝜀𝜀𝑣𝑣, 𝑑𝑑𝜀𝜀𝑝𝑝 are respectively the volumetric strain increment and density strain 
increment; 𝑑𝑑𝜀𝜀1, 𝑑𝑑𝜀𝜀2, 𝑑𝑑𝜀𝜀3 are the principle strain increments and 𝑑𝑑𝑑𝑑  𝑎𝑎𝑛𝑛𝑑𝑑 𝑑𝑑 are the 
relative density strain increment and relative density of the porous material.  It is 
considered that, for porous material if the volumetric strain 𝜀𝜀𝑣𝑣 can be obtained, then it 
is possible to calculate its relative density from the equation below; 
(𝑅𝑅𝑅𝑅),𝑑𝑑 = 𝑑𝑑𝑣𝑣 ·  exp· (−𝜀𝜀𝑣𝑣)  2.14 
𝑑𝑑 = 𝑑𝑑𝑣𝑣 ·  exp(−𝜀𝜀𝑣𝑣)  2.15 
Where, 𝑑𝑑𝑣𝑣   𝑎𝑎𝑛𝑛𝑑𝑑 𝑑𝑑𝑣𝑣 are the initial relative and absolute density of the porous material, 
and 𝑑𝑑 and  𝑑𝑑 are the final relative and absolute densities after plastic deformation. 
Generally, dense metallic materials are considered to be homogeneous and isotropic.  
Mathematically the yielding characteristics of such materials are expressed as; 
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𝑓𝑓(σ,σ0) = 𝜎𝜎� − 𝜎𝜎0 = 0  2.16 
where, σ0 is the yield stress of fully dense material, 𝜎𝜎� is the equivalent stress, 𝜎𝜎0 is the 
octahedral stress and 𝑞𝑞 is the equivalent Von Mises stress and is defined as;  
𝑞𝑞 = �3
2
  S: S =  �3𝐽𝐽2  2.17 
where the deviatoric stress tensor S associated with the Cauchy stress tensor σ can be 
expressed as; 
S = σ + 𝑝𝑝𝑚𝑚I  2.18 
where, 𝑝𝑝𝑚𝑚 represents the mean stress or pressure and is defined as; 
𝑝𝑝𝑚𝑚 = −13  𝑇𝑇𝑇𝑇𝑎𝑎𝑇𝑇𝑇𝑇 (σ)  2.19 
Numerous researchers have previously studied yield criteria which include the 
influence of the hydrostatic stress component and also satisfy the conditions required 
for the development of the plasticity theory of porous materials [27, 68-70].  Some of 
these yield criteria will be discussed in detail as they lay the foundation for the present 
model under investigation. 
Kuhn and Downey [27] originally proposed a yield criterion and stress-strain 
relationship for porous materials by taking the effect of hydrostatic stress on yielding 
into consideration.  They were interested in a description of the constitutive behaviour 
of sintered powder compacts during forging and re-pressing.  They proposed a yield 
function of the form; 
𝑓𝑓 = 𝐴𝐴𝐽𝐽2 + 𝐵𝐵I12 − 𝐶𝐶𝑘𝑘2 = 0 2.20 
Where, A, B and C are parameters that depend on the relative density, k represents the 
Von Mises yield strength of the base material; 𝑝𝑝1 represents the first invariants of the 
stress tensor σ and 𝐽𝐽2 represents second invariant of the deviatoric stress tensor S, 
which are expressed as follows; 
I1 =  σ1 + σ2 + σ3  2.21 
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𝐽𝐽2 = 12  S: S  2.22 
S= σ − 1
3
 I1I  2.23 
Similarly, a yield criterion was independently proposed by Green [68] based on 
elastic-plastic analysis assuming material isotropy with distributed voids or cracks in 
a volume element.  Kuhn and Downey alongside Green and co-workers simplified 
equation 2.20 and is expressed as below; 
𝑓𝑓 = 𝐽𝐽21/2 + 𝐵𝐵I1  2.24 
Therefore, 
𝜎𝜎� 2= 𝐴𝐴𝐽𝐽2 + 𝐵𝐵I12  2.25 
The yield functions in the form expressed in equation 2.20 and equation 2.25 bring in 
the explicit influence of hydrostatic stress in addition to deviatoric stress components 
and is considered as an extension of von-Mises yielding concept of fully dense 
material to the non-dense porous materials.  The yield criterion given in equation 2.25 
includes I1as a linear term, which is constant with the behaviour of porous granular 
materials having limited cohesive strength and large compressive strength.  It is 
however expected that yielding of compacted or sintered metallic powder materials 
would have similar characteristics under hydrostatic tension and compression [2]. 
The deformation equation resulting from the above yield criterion gives the predicted 
Poisson ratio as below; 
𝜐𝜐 = (1−2𝑏𝑏)  (2+2𝑏𝑏)2 2.26 
where,  
𝑏𝑏 = 0.75�1− �(1−𝑑𝑑) 3 �·ln(1−𝑑𝑑)(3−2(1−𝑑𝑑)14    2.27 
The above equations relate the density of the porous material with Poisson’s ratio.  
However it is documented that it overestimates the experimental measurements of 
Poisson ratio at lower densities and has a low response at higher density [2, 68]. 
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A similar plasticity theory for porous materials was put forward by Oyane [71] by 
extending the yield criterion to a general stress state.  Later work by Shima and Oyane 
[69] proposed a plastic yield criterion for porous metallic structures fabricated by solid 
state sintering.  Their model has been widely applied for powder compaction at both 
low and high temperatures [72] as is expressed as below [69]; 
𝑓𝑓 = 3 𝐽𝐽2
σ𝑚𝑚
2 +  α (1 − 𝑑𝑑)𝛾𝛾 ·  𝐼𝐼129σ𝑚𝑚2 − 𝑑𝑑𝑚𝑚  2.28 
where, f is the yield function, 𝑝𝑝1 and 𝐽𝐽2 are the first and second stress invariants, σ𝑚𝑚 
and 𝑑𝑑  are the flow stress and relative density of the sintered porous material 
respectively.  α, 𝛾𝛾 and 𝑚𝑚 are material specific constants.  In the above equation the 
flow stress σ𝑚𝑚 is given as below; 
σ𝑚𝑚 = 𝑎𝑎 + 𝑏𝑏𝜀𝜀 ̅𝑚𝑚 𝑛𝑛   2.29 
where, 𝑎𝑎, 𝑏𝑏, and 𝑛𝑛 are material dependent constants 𝜀𝜀?̅?𝑚 is the effective plastic strain 
of the material.  Despite the fact that the Shima and Oyane yield criterion was 
developed for sintered porous materials, the accuracy was limited due to its 
underestimation of experimental data for inhomogeneous materials especially in low 
density regions.  Also, the model was found to be not suitable for porous material 
undergoing deformation at high temperature [73]. 
Kuhn and Downey proposed a yield criterion based on empirical results (observations 
of the relationship between Poisson ratio and density).  The criterion is given by 
𝑓𝑓 = [3𝐽𝐽2 − (1 − 2𝜐𝜐)𝐽𝐽2′ ]1/2  2.30 
Where 𝐽𝐽2′  represents second invariant of stress and is defined as below; 
𝐽𝐽2
′ = 𝐽𝐽2 − I12/3  2.31 
In equation 2.30 the hydrostatic stress is included as a quadratic term through 𝐽𝐽2′  and 
satisfies the requirement that the yield criterion be an even function of hydrostatic 
stress [2].  In a further study carried out by Honess [74], the yield criteria’s proposed 
by Green [68], Oyane [71] and Kuhn [27] were compared on the basis of their ability 
to predict the densification response and deformation stress during compression, plane 
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strain compression, re-pressing (closed die forging) and hydrostatic compression.  
Honess [74] concluded that criteria based on an experimentally determined yield 
function through Poisson’s ratio provided an improved result that is consistent with 
the experimental data. 
Doraivelu et al [70] proposed a yield function taking into account the hydrostatic stress 
by experimentally performing simple compression tests on sintered powder compacts.  
Their yield criteria depend on the value of Poisson’s ratio and the relative density 
evolution during compression tests.  Their investigation demonstrated the existence of 
a relationship between Poisson’s ratio and relative density and suggested that the flow 
stress equation can be re-written in terms of Poisson’s ratio and relative density.  The 
relationship is expressed below [70]; 
σ𝑚𝑚
σ0
= (2 𝑑𝑑𝑜𝑜2−1)1/2(1−2𝜐𝜐)
√3·√3+𝜐𝜐(1−𝑑𝑑𝑜𝑜)2   2.32 
where, σ𝑚𝑚 is the flow stress and σ0 is the yield stress of the dense material. 
Fleck et al.[75] developed a constitutive model based on particle deformation for 
porous materials with low initial relative density (𝑑𝑑𝑣𝑣 < 0.9).  Their micro-mechanical 
approach divides the material response to loading into three different stages; stage 1, 
in which particle rearrangement is dominant; stage 2; in which plastic deformation is 
restricted only to contact regions between particles and stage 3, in which the entire 
particle undergoes deformation.  Fleck et. al. proposed a relationship to determine the 
yield function for multi-axial stress states, using the contact forces between the powder 
particles and the yield function as described below [75]; 
𝑓𝑓(σ,𝑑𝑑𝑣𝑣) = �√5 𝑝𝑝3𝑝𝑝𝑦𝑦 �2 + � 5𝑞𝑞18·𝑝𝑝𝑦𝑦 + 23�2 − 1 = 0 2.33 
where, 𝑝𝑝𝑦𝑦  is the yield stress of the material under hydrostatic compression and is 
expressed as; 
𝑝𝑝𝑦𝑦 = 2.97𝑑𝑑𝑣𝑣2 (𝑑𝑑−𝑑𝑑𝑜𝑜)(1−𝑑𝑑𝑜𝑜) σ𝑚𝑚 = 0  2.34 
40 
 
𝑝𝑝 is the hydrostatic stress, 𝑞𝑞 is the effective stress and 𝑑𝑑 is the density of the fully 
dense material. 
Abouaf et al [76] proposed a constitutive model based on power law creep and heat 
conduction for powder compact densification under high temperature.  Abouaf et al. 
found an application for their model in high temperature iso-static densification and 
hot pressing of porous materials.  They modelled the powder compact using 
constitutive elasto-viscoplastic equations.  They also demonstrated that the density 
variation in the final part is primarily due to non-homogeneous temperature fields.  
The power law creep model proposed by Abouaf can be written as; 
ε̈ = ε̈𝑟𝑟 � 𝜎𝜎𝜎𝜎𝑟𝑟�𝑛𝑛 = A · 𝜎𝜎𝑛𝑛  2.35 
where, ε̈ is the plastic strain, ε̈𝑟𝑟  and 𝜎𝜎𝑟𝑟  are the reference strain rate and reference 
stress, respectively.  A and 𝑛𝑛  are the Dron’s constants and creep exponent 
respectively.  Therefore the equivalent Mises stress for a porous material can be 
written as; 
𝜎𝜎�2 = 𝑓𝑓 𝑝𝑝12 + 3 𝑇𝑇 𝐽𝐽2  2.36 
where, c and f are experimentally determined parameters as a function of relative 
density and are written in terms of external pressure as [34]; 
𝑓𝑓 (𝑑𝑑𝑣𝑣) = 19 �exp �𝜌𝜌?̈?𝑜𝜌𝜌𝑜𝑜�𝐴𝐴·𝑃𝑃 �2/(𝑛𝑛+1)  2.37 
where, P represents the external pressure applied on the porous material and 𝑑𝑑?̈?𝑣 is the 
densification rate determined by uniaxial compression testing of porous materials 
under high temperature. 
2.5 Gurson’s yield criterion: background and modifications 
In 1977, Gurson [8] proposed a model based on a micro-mechanical approach based 
on a fracture mechanics perspective for materials involving significant porosity.  
Gurson initially developed an approximate yield criterion and flow rule for porous 
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ductile materials demonstrating the role of hydrostatic and deviatoric stresses in the 
plastic yield and void growth.  Gurson developed a yield criterion based on an upper 
bound approach idealising a material matrix as being rigid-perfectly plastic and 
obeying Von-Mises yield criterion.  Gurson’s yield criterion for a compressible ductile 
porous material can be written in terms of a hydrostatic stress (p) and an internal 
variable for porosity (𝑓𝑓0) as shown below[8]; 
𝛷𝛷 = 𝑓𝑓 (𝑝𝑝, 𝑞𝑞) = � 𝑞𝑞
𝜎𝜎0
�
2 + 2.𝑓𝑓0 ·  𝑇𝑇𝑐𝑐𝑐𝑐ℎ �32 𝑝𝑝𝜎𝜎0� − �1 + 𝑓𝑓02�  2.38 
where, 𝑞𝑞 is the equivalent Von Mises stress, 𝑝𝑝 the hydrostatic stress and 𝜎𝜎0 the flow 
stress of the material.  These are described as follows:  
𝑞𝑞 = �3
2
  S: S  2.39 
𝑝𝑝 == 1
3
 𝑇𝑇𝑇𝑇𝑎𝑎𝑇𝑇𝑇𝑇 (σ)  2.40 
𝜎𝜎0 =  𝜎𝜎𝑦𝑦 + 𝐾𝐾(𝜀𝜀?̅?𝑝)𝑛𝑛  2.41 
where, n is the strain hardening exponent and k is a material parameter. 
The internal variable for porosity or void volume fraction is given by 
𝑓𝑓0 = 𝑉𝑉𝑣𝑣𝑜𝑜𝑖𝑖𝑣𝑣𝑉𝑉𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡𝑡𝑡  2.42 
where, 𝑑𝑑𝑣𝑣𝑣𝑣𝑖𝑖𝑑𝑑 is the volume of the material with voids and 𝑑𝑑𝑡𝑡𝑣𝑣𝑡𝑡𝑡𝑡𝑒𝑒 is the volume of the 
fully dense material.  Figure 2.2 shows the yield surface diagram for various values of 
porosity with relation to hydrostatic pressure and the equivalent Von Mises stress in 
Gurson’s equation.  It can be seen that in the original Gurson’s equation, when 𝑓𝑓0=0 
the yield function reduces to the Von Mises yield function.  When 𝑓𝑓0=1 the material 
loses its load carry capacity and represent fully void material. 
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Figure 2.2: Yield surface dependence on hydrostatic tension for various values of porosity [63] 
Tvergaard [77] proposed three parameters (𝑞𝑞1 , 𝑞𝑞2  and  𝑞𝑞3 ) in the original Gurson 
approach which modify the approximate yield condition as follows; 
𝛷𝛷 = 𝑓𝑓 (𝑝𝑝, 𝑞𝑞) = � 𝑞𝑞
𝜎𝜎0
�
2 + 2 ·  𝑞𝑞1 · 𝑓𝑓0 ·  𝑇𝑇𝑐𝑐𝑐𝑐ℎ �𝑞𝑞22 𝑝𝑝𝜎𝜎0� − �1 + 𝑞𝑞3 · 𝑓𝑓02�  2.43 
It may be noted that when 𝑞𝑞1= 𝑞𝑞2= 𝑞𝑞3=0 the above equation reduces to the original 
Gurson’s equation for a porous ductile material containing spherical voids.  Tvergaard 
demonstrated that the value of these parameters depends on the material and the type 
of loading.  Tvergaard compared the modified Gurson’s equation with the original and 
showed that with parameters 𝑞𝑞1=1.5, 𝑞𝑞2=1 and 𝑞𝑞3= 𝑞𝑞12 (i.e. equation 2.43) provided 
results that agreed closely with those by the experimental results. 
Several researchers have suggested different 𝑞𝑞1, 𝑞𝑞2 and 𝑞𝑞3 parameters [78-80].  For 
example, Benson [80] suggested the following parameters for low carbon steel under 
tensile loading; 𝑞𝑞1 = 1.5,  𝑞𝑞2 = 1.02, and 𝑞𝑞3= 2.5.  Interestingly, Perrin and Leblond 
[79] showed that 𝑞𝑞1 is a function of internal porosity (𝑓𝑓0) within the material.  In the 
literature there are several values for the parameters 𝑞𝑞1, 𝑞𝑞2 and 𝑞𝑞3 values for different 
materials and types of loading; however only parameters that are related to powder 
metal forming applications will be discussed in this thesis. 
Equation 2.43 was further modified by Tvergaard and Needleman [10, 77] by 
introducing the concept of coalescence of voids; 
𝛷𝛷 = 𝑓𝑓 (𝑝𝑝, 𝑞𝑞) = � 𝑞𝑞
𝜎𝜎0
�
2 + 2 · 𝑞𝑞1 · 𝑓𝑓∗ ·  𝑇𝑇𝑐𝑐𝑐𝑐ℎ �𝑞𝑞22 𝑝𝑝𝜎𝜎0� − �1 + 𝑞𝑞3 · 𝑓𝑓∗2�  2.44 
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where, 𝑓𝑓∗ is the total effective void volume which is a function of void volume 
fraction given by; 
𝑓𝑓∗ = � 𝑓𝑓∗ =  𝑓𝑓 𝑓𝑓𝑐𝑐 + 𝑆𝑆𝐹𝐹����−𝑆𝑆𝑐𝑐𝑆𝑆𝐹𝐹−𝑆𝑆𝑐𝑐  (𝑓𝑓 − 𝑓𝑓𝑐𝑐)
𝑓𝑓𝑆𝑆�
              𝑖𝑖𝑓𝑓         𝑓𝑓 = 𝑓𝑓𝑐𝑐𝑖𝑖𝑓𝑓   𝑓𝑓𝑐𝑐 < 𝑓𝑓 < 𝑓𝑓𝑆𝑆
𝑖𝑖𝑓𝑓         𝑓𝑓 ≥   𝑓𝑓𝑆𝑆     2.45 
where, 𝑓𝑓𝑐𝑐 is the critical void volume fraction and 𝑓𝑓𝑆𝑆 is final value of the void volume 
fraction where the material has completely lost its load carrying capacity.  The 
function 𝑓𝑓?̅?𝑆 is defined as; 
𝑓𝑓?̅?𝑆 = 𝑞𝑞1+ �𝑞𝑞12−𝑞𝑞3𝑞𝑞3   2.46 
The yield function shown in equation 2.44 is famously referred to as the GTN (Gurson- 
Tvergaard and Needleman) yield function. 
2.5.1 Void evolution in Gurson’s model 
As previously indicated, Gurson’s model was originally developed for fracture 
mechanics problems where the evolution of voids was considered critical.  This has 
been extensively studied by various investigators [81-83].  From a fracture mechanics 
perspective, predicting material failure requires knowledge of void growth and the 
imposed stress and strain histories. 
From the earlier work carried out by McClintock [83], Gurson characterised voids as 
having two shapes, long circular cylindrical or a spherical shape within a matrix of 
rigid-perfectly plastic material.  This is illustrated in figure 2.3.  McClintock [83] 
investigated the stress dependence of void growth rate and considered long cylindrical 
voids in a perfectly plastic solid material.  A cylindrical void has an initial radius of b 
and the aim was to determine dependence of void growth rate ∆b/b on the axial strain 
rate and the transverse stress state.  McClintock’s solution showed an exponential 
increase in void growth rate with equiaxial transverse stresses. 
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Figure 2.3: (a) Cylindrical void, and (b) spherical void within material matrix [8] 
Rice and Tracey [82] obtained an approximate solution for the growth of isolated 
spherical voids located in an ideally plastic material matrix.  They showed that at high 
triaxiality, which is a higher value of the ratio of hydrostatic mean stress to the material 
flow stress the numerical results are well approximated by the following equation; 
𝑅𝑅
ε̈.𝑅𝑅𝑜𝑜 ≈ 0.283 exp � 3 𝑝𝑝2 𝜎𝜎0�  2.47 
where, R and 𝑅𝑅𝑣𝑣  are the initial and final void radii before and after nucleation 
respectively.  Additionally, Rice and Tracey found that equation 2.47 was a good 
approximation even at low tri-axialities. 
2.5.2 Void nucleation under tension 
When a porous solid material is subjected to a tensile load as shown in figure 2.4 the 
voids nucleate initially at imperfections in the material matrix, these voids grow due 
to increased tensile hydrostatic and plastic strains.  Due to void nucleation and growth, 
the void volume fraction starts increasing as the plastic strain increases to point where 
the voids interact with each other.  This point, when voids interact with each other, is 
known as the critical void volume fraction (𝑓𝑓𝑐𝑐 ).  If the plastic strain continues to 
increase beyond this point, the material reaches a state where local necking occurs and 
the voids begin to connect each other and failure of the material occurs.  The 
connecting of voids at this state is often referred to as void coalescence.  After void 
coalescence, a completely ductile failure of the material occurs. 
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Figure 2.4: Void nucleation under tensile load 
2.5.3 Void closure under compression 
The mechanism of void nucleation is different when porous solid material is subjected 
to compressive loads as shown in figure 2.5.  Under compressive loading the voids 
deform where imperfections in the material exists.  Voids start to close due to softening 
of the material undergoing plastic deformation.  Hydrostatic pressure or stress fields 
intensify and accelerate void closure.  Finally the voids entirely collapse leading to 
volume change and densification of the material. 
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Figure 2.5: Void nucleation under compressive load 
2.5.4 Plastic flow in the Gurson model 
Plastic flow of porous solid material is assumed to be normal to the yield surface as 
shown in figure 2.2.  The GTN yield function described in equation 2.44 is utilised to 
calculate the plastic strain void growth or closure from an initial void volume fraction 
and is given by; 
ε̈ = 𝜆𝜆 𝜕𝜕𝑆𝑆(𝑝𝑝,𝑞𝑞)
𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖
 2.48 
where, 𝜀𝜀̈ is the plastic strain in plastic porous material, 𝜎𝜎𝑖𝑖𝑖𝑖is the macroscopic Cauchy 
stress tensor and 𝜆𝜆 is a positive scalar. 
If it is assumed that the material is perfectly incompressible, the rate of change in 
relative density can be written as; 
𝑑𝑑0̈ = −𝑑𝑑0 ·  ε̈  2.49 
Assuming that plastic work done on porous material is equal to that of in the matrix 
material, 
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𝑑𝑑0 · 𝜎𝜎0 · 𝜀𝜀?̅?𝑚  =  𝜎𝜎𝑖𝑖𝑖𝑖ε̈  2.50 
where, 𝜀𝜀?̅?𝑚 is the effective plastic strain rate and 𝜎𝜎0 is the flow stress of the material. 
2.6 Thermo-mechanical coupling 
In metal forming operations such as powder forging, the effect of temperature is 
important, as a non-uniform temperature distribution can cause defects in the final 
forged product.  
The billet can heat due to:  
• Plastic deformation of the billet during forging, 
• Frictional contact between the tool and the billet 
The billet can cool due to:  
• Contact between the forging tool and billet.  Forging dies normally operate at 
a lower temperature than the billet being forged. 
• Heat loss due to radiation and convection to the surroundings. 
For a proper description of material behaviour during powder forging, a fully coupled 
thermo-mechanical analysis procedure is needed.  In a fully coupled thermo-
mechanical analysis, temperature is considered as an additional degree of freedom and 
is solved simultaneously for stress and displacement.  In addition, the thermal energy 
balance equation is solved to calculate the temperature distribution during the analysis 
by considering the heat flux (amount of heat energy transferred through unit surface 
per unit time).  Finally, the temperature dependency of the material is captured by 
correlating this with the material properties such as yield stress, which are defined 
with respect to temperature. 
For a fully coupled temperature-displacement analysis, a thermal energy balance 
needs to be satisfied.  In other words, a summation of the rate of heat entering the 
system and the rate of energy generated within the system needs to be equal to the rate 
of internal energy increase. 
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𝑑𝑑 ?̇?𝑈 = 𝜕𝜕
𝜕𝜕𝑥𝑥
 𝑞𝑞 + 𝑇𝑇   2.51 
where, 𝑑𝑑 is the density of the material. The internal energy rate per unit mass ?̇?𝑈 is 
expressed in terms of heat capacity, 𝑇𝑇, and the temperature rate, ?̇?𝜃, by; 
 ?̇?𝑈 = 𝑇𝑇 · ?̇?𝜃  2.52 
The heat flux, 𝑇𝑇, per unit volume generated within the material is assumed to drive 
plastic deformation only, hence; 
𝑇𝑇 = 𝜂𝜂 ·  𝜎𝜎 ·  𝜀𝜀𝑝𝑝𝑒𝑒  2.53 
where, 𝜂𝜂 is known as an inelastic heat fraction, defined as the amount of overall energy 
dissipation which is converted into heat energy. 
In coupled temperature-displacement analysis, heat transfer with the material is 
described by conduction and follows the Fourier law of heat conduction as illustrated 
below; 
𝑞𝑞 = −𝐾𝐾 ·  𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥
   2.54 
Where, 𝐾𝐾 is thermal conductivity of the material, the negative sign implies that the 
heat always flows in direction of decreasing temperature.  The value of thermal 
conductivity is usually defined as a function of temperature for better accuracy of 
computation. 
Heat convection is generally defined as a boundary condition applied to a surface that 
is directly exposed to the surroundings. The convective heat transfer equation is shown 
below; 
𝑞𝑞𝑐𝑐𝑣𝑣𝑣𝑣 = −ℎ · (𝜃𝜃 − 𝜃𝜃0)  2.55 
where, h is the film transfer coefficient and its value depends on the exposed 
surroundings. 
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Table 2: Typical film coefficient values for various materials [84] 
The heat flux due to radiation loss to the environment is governed by the following 
equation; 
𝑞𝑞𝑟𝑟𝑡𝑡𝑑𝑑 = −𝐴𝐴 ·  [(𝜃𝜃 − 𝜃𝜃𝑧𝑧)4 − (𝜃𝜃0 − 𝜃𝜃𝑧𝑧)4]  2.56 
where, 𝜃𝜃0and 𝜃𝜃𝑧𝑧are the ambient and absolute zero temperatures respectively. 𝐴𝐴 is the 
known as the radiation constant and is defined as; 
𝐴𝐴 = 𝜀𝜀𝑠𝑠 · 𝜎𝜎𝑆𝑆−𝐵𝐵  2.57 
where, 𝜀𝜀𝑠𝑠is the emissivity of the surface and 𝜎𝜎𝑆𝑆−𝐵𝐵 is the Stefan-Boltzmann constant.  
It must be noted that loss of heat energy by conduction and convection is far greater 
than heat loss by radiation in forging; therefore heat loss by radiation is often 
neglected. 
2.7 Frictional forces 
In a powder forging process, the desired shape changes are obtained by pressing the 
material between the tools, which are much stiffer than the material being deformed.  
Since there is a large difference between the deformability of the tool and the powder 
compact, relative movement arises between them at the contact surface.  The 
magnitude of this relative movement depends on the geometry, loading type and 
frictional conditions at the interface.  It is important to include frictional conditions in 
the FEM of powder forging as it plays a crucial role in the estimation of relative density 
[63]. 
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Though there are several models that are used to describe frictional condition [85, 86], 
two models are prominent in metal forming simulation, Coulomb’s friction model and 
the shear friction model. 
2.7.1 Coulomb friction model 
Coulomb’s frictional law is widely used in engineering to model frictional 
interactions.  The governing equation for Coulomb friction; 
𝜏𝜏𝑆𝑆 = 𝜇𝜇 · 𝜎𝜎𝑛𝑛  2.58 
where, 𝜏𝜏𝑆𝑆  is the tangential frictional stress, 𝜇𝜇  is the frictional coefficient which is 
independent of the apparent area of contact, and 𝜎𝜎𝑛𝑛 is the normal stress or interface 
pressure acting on the surface.  Despite the popularity of using Coulomb’s law of 
friction in metal forming analysis, its accuracy is limited depending on the 
circumstances during forging.  For example, an increase in coefficient of friction is 
reported for lighter deformation loads [85], but contrary to this a decrease in friction 
coefficient is noted under high loading conditions [86], where the true area of contact 
is closer in magnitude to the apparent area of contact occurring during plastic 
deformation of a material. 
The coefficient of friction 𝜇𝜇 depends on the type of lubricant being used in the metal 
forming process.  Table 3 shows coefficients of friction for common lubricants used 
in hot metal forging. 
 
Table 3: Coefficient of friction for various die lubricants [87] 
In powder forging, the interface pressure 𝜎𝜎𝑛𝑛 can be many times higher than the yield 
stress of the material, thus the linear relationship described in equation 2.58 may not 
be suitable at high contact pressure, where shear stress cannot exceed the shear yield 
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strength of the material.  In such cases, the Coulomb friction law above does not apply, 
and a shear frictional model, proposed by Orowan [88] can be utilised. 
2.7.2 Shear friction 
In a shear friction model, the frictional stress at the tool and billet interface is in direct 
proportion to the interfacial shear stress in the deforming material.  The governing 
equations for a shear frictional model are expressed as [88]; 
𝜏𝜏𝑆𝑆 = 𝑚𝑚 · 𝑘𝑘 = 𝑚𝑚 · 𝜎𝜎𝑠𝑠√3   2.59 
where, 𝜏𝜏𝑆𝑆 is the frictional stress, 𝑚𝑚 is the frictional factor, 𝑘𝑘 is the shear yield stress of 
the material (measured in torsion) being deformed and 𝜎𝜎𝑠𝑠 is the true stress. 
In a shear frictional model, it must be noted that when the roughness of the powder 
compact-die surface interface and the lubrication conditions are known, the frictional 
stress does not depend on the current stress state. 
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2.8 Summary 
In this chapter, material models developed by different researchers have been 
reviewed.  The literature review shows that several mathematical approximations exist 
for modelling a powder forging process and these are summarised in the table below; 
Model/ 
researchers 
Process/ application Modelling aspects 
Kuhn and 
Downey [27] 
P/M compaction Proposed a yield criterion for porous 
materials by taking the effect of hydrostatic 
stress on yielding into consideration. 
Green [68] P/M compaction Proposed a yield criterion based on elastic-
plastic analysis assuming material isotropy 
with distributed voids or cracks in material 
matrix. 
Doaraivelu 
et. al. [70] 
P/M/sinter-forge Proposed a new yield function taking into 
account the hydrostatic stress. Yield 
criteria depend on the value of Poisson’s 
ratio and the relative density evolution 
during compression. 
Shima and 
Oyane [69] 
P/M compaction, 
Sintering, Soil 
mechanics 
Developed a yield criterion for porous 
metallic structures fabricated by solid state 
sintering.  This model has been widely 
applied for powder compaction at both low 
and high temperatures.  However, it 
underestimates the relative density at low 
density regions during deformation. 
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Kuhn and 
McMeeking 
[89], Abouaf 
et. al. [76] 
Hot isostatic pressing 
(HIP), hot pressing. 
Developed a model for pressure assisted 
densification of metal powder compacts 
based on power-law creep near the inter-
particle contacts. Abouaf et al. have found 
an application for their model in high 
temperature iso-static densification and hot 
pressing of porous materials. 
Gurson [8] Fracture mechanics, 
powder compaction, 
hot pressing, powder 
forging, hot coining, 
HIP, sinter-forge. 
Proposed a yield criterion and flow rule for 
porous ductile materials demonstrating the 
role of hydrostatic and deviatoric stresses 
in during plastic yield and void growth. 
Table 4: Summary of material models investigated by various researchers 
Powder forging of porous materials and densification behaviour is complex and 
although it has been theoretically studied for over 40 years it is still a major research 
focus in the area of powder metallurgy.  A literature review found several models that 
are available to predict the relative densities during powder compact forging.  A few 
of these models have been used for powder forging applications, but none of them has 
been used either in compaction or forging of titanium powder.  As one of the 
prerequisites of this study was to determine a model that is simple enough to be used 
in industrial simulations, many of them required several material parameters that 
required determination by physical testing and modifications to the implementation 
scheme, such as in the yield criterion, which could only be done through programming. 
Gurson was one of the earliest researchers to study the deformation behaviour of 
ductile materials with significant porosity using a micro-mechanical approach; his 
work serves as the cornerstone in modelling powder metal forming.  The Gurson and 
Gurson-Tvergaard models have been previously used in powder compaction, sinter 
forging and hot isostatic processing.  The Gurson and Gurson-Tvergaard models were 
chosen in this study for their simplicity and recognition in the field of powder 
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metallurgy.  In several studies the model has been found to be moderately successful 
in describing densification and deformation behaviour with good results.  The original 
Gurson model is readily available in Abaqus software and provides an insight into 
general trends of densification with parameter adjustments for different powder 
materials.  However, no literature was found on the use of the Gurson-Tvergaard 
model in the study of densification behaviour of titanium powder compacts at a low 
starting relative density.  Also it is of interest to determine the material parameters that 
are more specific to titanium powder compacts used in the present process. 
Furthermore it is of interest to see whether the experimentally determined parameters 
had any significance in the improvement of simulated results when compared with the 
actual density measurements. 
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3 Modelling in Abaqus ™ 
3.1 Introduction 
Abaqus is FEA software that offers a solution to both routine and sophisticated 
engineering problems covering a vast spectrum of engineering and industrial 
applications.  Abaqus software is suitable for metal forming simulations where large 
deformation of the material needs to be analysed.  The software also offers wide 
flexibility in modelling and implementation of new material models.  The commercial 
versions of Abaqus software can be classified as; 
• Abaqus/standard: an implicit integration for general problems 
• Abaqus/explicit: an explicit integration based finite element program 
The modelling process in Abaqus software mainly consists of six steps. 
• Geometric modelling 
• Material definition 
• Boundary definition (Geometric and thermal conditions) 
• Contact interactions (friction, heat transfer) 
• Meshing 
• Solver and results 
3.1.1 Geometric modelling 
In Abaqus, the geometry can be modelled by defining the co-ordinates or it can be 
directly imported as a model from any CAD software.  Once the geometry is defined 
the models are assembled according to the requirements of the problem.  For example, 
figure 3.1 shows an Abaqus model of a die and powder compact assembly for disc 
forging. 
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Figure 3.1: Compact-die assembly in Abaqus 
It is worthwhile to mention that Abaqus does not follow any unit conventions; however 
it is important to follow one unit convention throughout the simulations.  For example, 
if the geometry is defined in meters, then a boundary condition such as top die velocity, 
should also be specified in meters/sec. 
3.1.2 Material definition 
In Abaqus, material properties can be assigned to both tool and billet.  The tool can be 
modelled as rigid or elastic depending on the analysis type.  Typical material 
properties assigned to tooling include Young’s modulus, Poisson's ratio, density and 
specific heat.  In metal forming simulation, for reliable results it is important to define 
plastic properties such as the flow stress or yield stress of the material being deformed. 
3.1.3 Boundary and initial conditions 
Boundary conditions are used to define the values of the basic solution variables.  The 
solution variables include displacement, rotation, temperature, velocity, acceleration 
etc.  Boundary conditions are usually specified within the analysis step.  Boundary 
conditions can also be used to define any constraints, such as for example, the 
prescribed distance moved by a top die to forge a billet.  All the other degrees of 
freedom must be equated to zero. 
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Initial conditions are used to define prescribed conditions in the initial analysis step.  
Predefined conditions include temperature, field variables, an equivalent pressure 
state, mass flow rate etc.  In metal forming simulation, predefined conditions are used 
to define the initial temperature of the billet and the dies.  A value for the initial 
condition, such as temperature can be directly entered and defined on the geometry or 
can be imported from another step or analysis. 
3.1.4 Contact interactions 
A contact algorithm allows the interaction of geometrical objects with each other to 
be defined during the simulation.  In Abaqus/standard sliding contact can be defined 
between two surfaces in contact with each other.  A sliding contact algorithm can be 
used to model the interaction between a rigid and a deformable body. 
 
Figure 3.2: Contact interaction between the tool and the compact 
In Abaqus, a contact algorithm is applied to model the frictional contact, non-
penetration conditions and heat transfer interactions. 
• Frictional contact: both normal and tangential friction can be defined between 
the surface pairs in contact.  For example, for defining Coulomb friction, the 
frictional coefficient value is specified between the contact pairs. 
• Non-penetration conditions: In multi-body dynamic simulations, when two 
bodies or objects are in contact, there exists a possibility that one object might 
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penetrate into the other.  To avoid this, a master-slave surface approach is 
adopted, where the non-penetration condition is enforced by preventing the 
nodes of one contact surface (master surface) from penetrating the other (slave 
surface) [90].  In metal forming simulations, a rigid die is generally defined as 
a master surface and the deformable billet as a slave surface. 
• Heat transfer: Heat transfer interactions or thermal contact properties between 
two geometries in contact can be defined by specifying the interfacial heat 
transfer coefficients.  In Abaqus, this is defined by a function known as “gap-
conductance”.  The gap conductance can be enforced in the model either as a 
function of clearance or as a function of contact pressure. 
3.1.5 Step definition 
In Abaqus, before selecting the boundary and loading conditions, an analysis step 
needs to be defined.  An analysis step in Abaqus assigns the type of FEM analysis 
procedure.  For example, coupled-temperature-displacement analysis, explicit 
dynamic temperature-displacement analysis etc.  Once the step is selected, different 
boundary and contact conditions are defined in each step.  Any number of steps can 
be defined simultaneously depending on the problem requirements.  However, it is 
worth mentioning that certain elements can only be applied for certain types of 
analysis, thus elements and the analysis types should correlated.  In the initial step, 
initial conditions such as temperature are assigned and the analysis calculates the heat 
transfer in the subsequent steps. 
3.1.6 Finite element mesh 
In the finite element method, a geometric model forms the basis for defining the finite 
element mesh.  The main purpose of geometric modelling (discussed in section 3.1.1) 
is to display objects whose geometry has been defined.  In Abaqus, any number of 
geometries or objects can be assembled and meshed.  The type of mesh algorithm, the 
mesh density and quality of the mesh influences the accuracy of the results.  The 
geometric model can be associated with the mesh via physical attributes such as 
element properties, material properties, loads and boundary conditions. 
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Figure 3.3: Finite element mesh associated with the geometric model 
The boundary conditions, initial condition and loads can be applied on elements, nodes 
or a set of nodes and elements.  For metal forming simulations, such as powder forging 
which involves large deformations, it is important to select appropriate meshing 
algorithms for worthwhile and realistic results.  Abaqus includes numerous element 
types for different applications; however brick/quadrilateral and triangular/tetrahedral 
are the most commonly used solid elements for metal forming simulations.  Figure 3.4 
shows triangular and quadrilateral elements used in Abaqus. 
 
Figure 3.4: Solid element types [91] 
Both quadrilateral and triangular elements are available both in two dimensions as 
well as in three dimensions as shown in figure 3.4. 
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Degrees of freedom such as displacement are calculated at the nodes of an element.  
The displacement at any point within the element is obtained by interpolating from 
two nodal displacements.  In some cases, the interpolation is carried out depending on 
the number of nodes present in each element.  Both first and second order elements 
are available depending on the accuracy requirements of an analysis [91].  First order 
elements are easy to converge and less solution time is needed for an analysis.  Second 
order elements are highly accurate especially in Abaqus/standard and can be used for 
problems involving complex boundary and contact conditions.  From experience, first 
order triangular elements are exceedingly stiff and display slow convergence with 
mesh refinements.  However, in problems that involve complex geometry a fine 
triangular mesh can be favourable. 
3.1.7 Solver and viewing results 
In Abaqus, two types of analysis can be performed depending on the integration of the 
stiffness equations; 
• Abaqus/Explicit: An explicit analysis performs the incremental procedure and 
at the end of each increment it updates the stiffness matrix based on geometric 
or material changes.  The next incremental load is applied to the newly 
constructed stiffness matrix.  The method is more desirable for metal forming 
analysis due to the fact that the stiffness matrix is updated with the deformation 
geometry [92]. 
• Abaqus/Standard: Abaqus standard analysis relies on the implicit method of 
integration and in many ways is similar to the explicit method with the addition 
that after the end of each increment the analysis does a Newton-Raphson 
iteration to enforce equilibrium of the internal structural forces with the 
externally applied loads [91, 92].  The only drawback of this type of analysis 
is that, during Newton-Raphson iterations the stiffness matrix must be updated 
and restructured at each iteration, which could be computationally costly. 
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3.2 Non-linear problems in Abaqus 
The term non-linearity refers to a solution state in an FEM analysis, when the input 
data is no longer proportional to the output data.  In metal forming problems non-
linearity can arise from various sources such as non-linear material behaviour, 
geometric non-linearity or non-linearity due to initial or boundary conditions. 
3.2.1 Non-linear material behaviour 
Material non-linearity arises when the material exhibits non-linear stress-strain 
behaviour.  In linear analysis, the stress-strain relationship is defined by the Young’s 
modulus, but in non-linear analysis the Young’s modulus only describes the initial 
elastic part of the overall material behaviour.  Non-linear analysis is used, for example, 
for the post yielding plastic deformation of a material.  Common types of non-linear 
material behaviour include nonlinear elastic, elasto-plastic, visco-plastic etc.  Figure 
3.5 shows typical non-linear elasto-plastic stress-strain characteristics under tensional 
load. 
 
Figure 3.5: Stress-strain relationship curve 
For an accurate description of a material in plastic deformation problems it is also 
common to include the work hardening behaviour of a material.  Common hardening 
behaviour in Abaqus analysis includes isotropic, kinematic and Johnson-Cook 
depending on the nature of a problem.  Also for coupled thermo-mechanical analysis, 
a temperature dependent thermal conductivity can induce non-linearity. 
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3.2.2 Geometric non-linearity 
Geometric non-linearity in metal forming analyses is usually associated with large 
deformations.  If a continuum in the analysis undergoes large finite deformation, the 
load-displacement relationship tends to be non-linear.  Figure 3.6 illustrates a non-
linear load displacement curve for a material undergoing large deformation.  When the 
applied load is at a lower level, a linear relationship with displacement can be clearly 
seen, but after a certain point the stiffness will change with deformation, thus 
producing non-linearity. 
 
Figure 3.6: Non-linear load-displacement curve 
In problems involving geometric non-linearity, the solution cannot be obtained by 
solving a single set of equations, as in the case of linear problems.  In such scenarios, 
the final solution can be obtained by incremental load application using numerical 
methods. 
3.2.3 Non-linearity due to initial or boundary conditions 
Many problems in Abaqus involving contact mechanics include a boundary condition 
that changes during deformation, thus non-linearity is induced.  In boundary condition 
induced non-linearity the stiffness of the object or assembly (set of assemblies) may 
change significantly when two or more parts are either in contact or are separated from 
the initial contact.  For example, structures consisting of bolted joints or a deforming 
billet in a forging die. 
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In Abaqus/standard, the Newton-Raphson method is adopted to obtain solutions for 
non-linear problems.  Abaqus/standard discretizes the simulation into a number of load 
increments and calculates the approximate equilibrium configuration at the end of each 
load increment.  Several iterations are required in Abaqus/standard to find the exact or 
approximate solution for a non-linear problem.  Hence, it can be said that 
Abaqus/standard combines incremental and iterative stages to solve a given non-linear 
problem. 
3.3 Mesh distortion control 
In many metal forming analyses, the material in the analysis undergoes very large 
deformation.  These large deformations distort the finite element mesh to an extent 
that the mesh is unable to provide accurate results or the analysis fails to converge for 
numerical reasons.  In such situations, an adaptive meshing technique is used to control 
the distortion of the mesh.  Both Abaqus standard and explicit contain an adaptive 
meshing capability, however the re-meshing technique in Abaqus/explicit is more 
robust.  Figure 3.7 shows a deformed mesh during an extrusion simulation with and 
without distortion control. 
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Figure 3.7: (a) mesh without distortion control; (b) mesh with distortion control [91] 
In the finite element method there are different meshing schemes that are used to 
control the mesh distortion. These are Lagrangian mesh, Eulerian mesh and Arbitrary 
Lagrangian- Eulerian mesh.  The major difference between the three meshing methods 
can be described by the motion of the mesh with respect to the deforming material. 
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Figure 3.8: Meshing techniques [91] 
• In a pure Lagrangian mesh, the elements and the nodes move exactly with the 
material point during deformation.  The advantage of this meshing technique 
is that it is easy to track the surface regions and associate boundary or contact 
conditions to the mesh.  This meshing technique is suitable for metal forming 
analysis; however the mesh can be severely distorted during deformation with 
a large strain rate. 
• In a Eulerian mesh, the elements and the nodes remain fixed while the material 
flows though the meshed region [93].  This meshing techniques finds many 
applications in computational fluid dynamics analysis, however applications 
in metal forming are limited. 
• Arbitrary Lagrangian-Eulerian (ALE) mesh; the ALE meshing method 
combines the advantages of both Lagrangian and Eulerian meshing and is 
found to be accurate in many metal forming analyses [94-96].  In ALE 
meshing, the motion of the mesh and the material is independent at most places 
in the material; however the mesh is only constrained within the material being 
deformed. 
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3.4 Modelling powder forging in Abaqus 
Abaqus is a powerful numerical tool for aiding product and process design.  In this 
section we will discuss some of the key parameters involved in powder forging and 
the method used to simulate them in the present work through Abaqus software.  As 
mentioned previously, Abaqus is a finite element program used to solve coupled 
thermo-mechanical problems. It can also be used to simulate powder forging.  The 
program can solve complex non-linear problems that involve heat transfer, a 
temperature distribution and material flow.  The program provides useful information 
such as deformation patterns, stress and strain distributions that are helpful in assessing 
the performance of a die and a particular preform design. 
In Abaqus software several porous material models are available that can be used for 
simulating a powder forming process such as powder compaction.  For example, a 
modified Drucker-Prager cap model is favourable to predict the failure criteria in 
powder compacts [97].  The finite element analysis procedure in this research adopts 
an Abaqus built-in porous metal plasticity criterion. 
Abaqus has the advantage of greater flexibility in material modelling and simplicity 
of implementation makes it the preferred software in the powder metallurgical field.  
However, the material parameters need to be calibrated for useful results.  Some of the 
other popular software available for forging simulations are Deform 2D/3D, Q-form 
and transvalor.  Deform 2D/3D has an in-built porous material model which is based 
on the Shima and Oyane yield criterion [98, 99]. 
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3.5 Material property definition 
For simulating powder forging it is important to define the property of the material for 
accurate results.  The material property for the tooling material is obtained from the 
literature.  The tooling material used in the experiments and the simulation is H13 tool 
steel.  The material properties defined in the simulation are tabulated as below. 
 
Figure 3.9: Mechanical and thermal properties of the tooling material [100] 
The material data for the commercially pure HDH titanium was obtained by Gleeble 
testing.  The method adopted to obtain the flow stress curves by Gleeble testing is 
described in the following section. 
3.6 Gleeble hot deformation testing 
Gleeble compression testing is a method used to determine the flow stress of a material 
under investigation.  The compression tests were performed at Harbin Institute of 
Technology, China using their Gleeble 1500 thermo-mechanical simulator as shown 
in figure 3.10.  The test sample was mounted in between two jaws whose movements 
were computer controlled.  The sample was heated by a resistance heater and the 
temperature was monitored using welded thermocouples.  Liquid graphite was used to 
reduce the interfacial friction between the sample and the jaws.  The strain rate was 
determined using strain gauges mounted on the sample. 
68 
 
 
Figure 3.10: Gleeble 1500 thermo-mechanical simulator 
The samples were prepared by powder compaction and induction sintering at different 
condition as described in the literature [101].  The compacts were cut, stress relieved 
and polished before testing in China.  Four commercially pure titanium samples with 
a dimension of Ø8mm×12mm were cut (using a wire cutter) from each powder 
compact (dimension Ø42mm×40 mm) to maintain consistency.  The bulk relative 
density (ratio of actual density to the theoretical density) of each sample was measured 
and the average relative density was found to be 0.78.  The tests were carried out at 
three different strain rates (i.e. 1 s-1, 0.1 s-1, 0.01 s-1) and at three different initial 
temperatures (i.e. 1200 ºC, 1100 ºC, 1000 ºC).  Figure 3.11 shows the flow stress data 
for HDH titanium obtained after Gleeble compression testing. 
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Figure 3.11: Flow stress for HDH-titanium obtained by compression tests 
The data obtained by Gleeble testing was defined in the Abaqus material plasticity 
option as a strain and temperature dependent plastic material.  Most of the material 
property data was obtained by Gleeble testing; however some of the property 
information was obtained from the literature.  Table 5 summarises some important 
material properties that are used in the simulation; 
 
Table 5: Material properties of an HDH-titanium powder compact 
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3.7 The Gurson model in Abaqus 
In Abaqus/ standard the Gurson model is incorporated as a porous metal plasticity 
option for modelling materials that exhibit void nucleation and growth.  It can also be 
used to model powder metal forming processes with an initial relative density.  
Although the model was originally intended to be used for material with a high relative 
density greater than 0.9, several recent publications [5, 12, 43, 102] have highlighted 
its application for materials with lower initial relative density.  Previously several 
researchers implemented this model for lower density processes such as ECAP and 
powder compaction. 
The Gurson model available in Abaqus (both implicit/explicit) is strain-controlled 
taking void nucleation, void closure and void coalescence into consideration.  The 
Gurson model is available in both Abaqus/standard and Abaqus/explicit.  However, 
Abaqus implicit does not include a void coalescence function (not relevant for powder 
metal forming simulations), meanwhile Abaqus explicit code does not include relative 
density calculations that are required in powder metallurgical applications.  Several, 
researchers have overcome this problem by writing a VUMAT (vectorized user 
material model) subroutine in FORTRAN enabling a relative density distribution with 
the explicit code.  The explicit code allows for simulation of complex geometrical 
problems with advanced meshing capabilities that are not available in Abaqus implicit. 
From a numerical perspective, some published work [103, 104] has tried to integrate 
the Gurson model into a finite element program.  The integration allows for complex 
analysis involving different load configurations and eventually a prediction of void 
nucleation or density distribution.  The numerical integration of the Gurson model has 
been historically referred to as computationally intensive [105], thus numerical aspects 
of the model integration play a crucial role in the efficiency of the finite element 
calculations.  The numerical scheme to implement the Gurson model in Abaqus was 
first introduced by Aravas [103] using implicit integration.  The Aravas integration 
scheme includes two steps; i.e. an elastic prediction and a plastic correction. 
The principal strain is divided into elastic and plastic parts; 
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𝜀𝜀̇ = 𝜀𝜀?̇?𝑒𝑒𝑒 +  𝜀𝜀?̇?𝑝𝑒𝑒 3.1 
The plastic strain increment is further divided into hydrostatic and deviatoric 
components and is given as; 
𝜀𝜀𝑝𝑝𝑒𝑒  = 13 ∆ε?̈?𝑝 + 32𝜀𝜀�𝑚𝑚 ∆ε?̈?𝑞 3.2 
where,    ∆ε?̈?𝑝 = 𝜆𝜆 𝜕𝜕𝑆𝑆(𝑝𝑝,𝑞𝑞)𝜕𝜕𝑝𝑝  ̈   3.3 
and  
∆ε?̈?𝑞 = −𝜆𝜆 𝜕𝜕𝑆𝑆(𝑝𝑝,𝑞𝑞)𝜕𝜕𝑞𝑞   3.4 
The volume fraction 𝑑𝑑𝑆𝑆 and the equivalent plastic strain of the material is treated as 
two internal state variables; i.e.𝐻𝐻1  and 𝐻𝐻2 .  The implementation procedure is as 
follows; 
1. The first step begins with initialisation of the variables at time t=0; 𝜎𝜎𝑡𝑡, 𝜀𝜀𝑡𝑡, 𝐻𝐻𝑡𝑡1 
and ∆ε𝑡𝑡+∆𝑡𝑡. Where, 𝐻𝐻𝑡𝑡1 is a state variable and ∆ε𝑡𝑡+∆𝑡𝑡 is the strain increment. 
2. The elastic predictor is calculated by assuming that the strain increment is 
purely elastic, i.e; 
𝜎𝜎𝑡𝑡+∆𝑡𝑡
1 = 𝜎𝜎𝑡𝑡 + 𝐶𝐶𝑒𝑒 3.5 
where, 𝜎𝜎𝑡𝑡+∆𝑡𝑡1  is the next elastic stress increment and 𝐶𝐶𝑒𝑒 is the isotropic linear 
elastic fourth order stiffness tensor. 
3. The hydrostatic stresses are determined, i.e.:  
𝑝𝑝𝑡𝑡+∆𝑡𝑡
1 = −1
3
𝜎𝜎𝑡𝑡+∆𝑡𝑡
1 : 1  3.6 
4. The equivalent Von Mises stresses are determined, i.e.:  
𝑞𝑞𝑡𝑡+∆𝑡𝑡
1 = �3
2
 𝑑𝑑𝑡𝑡+∆𝑡𝑡1 : 𝑑𝑑𝑡𝑡+∆𝑡𝑡1   3.7 
5. The yield surface is calculated. i.e; 
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𝛷𝛷𝑡𝑡+∆𝑡𝑡
1 = 𝛷𝛷𝑡𝑡+∆𝑡𝑡1 (𝜎𝜎𝑡𝑡+∆𝑡𝑡1 ,𝐻𝐻𝑡𝑡1) = 𝛷𝛷𝑡𝑡+∆𝑡𝑡1  (𝑝𝑝𝑡𝑡+∆𝑡𝑡1 , 𝑞𝑞𝑡𝑡+∆𝑡𝑡1 ,𝐻𝐻𝑡𝑡1)  3.8 
If 𝛷𝛷𝑡𝑡+∆𝑡𝑡1 ≤ 0, the current state of the material is elastic, thus 𝜎𝜎𝑡𝑡+∆𝑡𝑡 = 𝜎𝜎𝑡𝑡+∆𝑡𝑡1 ; 
the iteration ends and solution is obtained as in step 7. 
If 𝛷𝛷𝑡𝑡+∆𝑡𝑡1 ≥ 0, the current state of the material is plastic, hence iteration 
proceeds to step 6. 
6. A Newton-Raphson iteration is performed to determine the plastic correction 
until the following non-linear equations are satisfied. 
𝑔𝑔1 = ∆𝜀𝜀𝑝𝑝𝑠𝑠+1 𝜕𝜕𝜕𝜕𝜕𝜕𝑞𝑞 + ∆𝜀𝜀𝑞𝑞𝑠𝑠+1 𝜕𝜕𝜕𝜕𝜕𝜕𝑝𝑝 = 0  3.9 
𝑔𝑔2 = 𝛷𝛷(𝑝𝑝𝑠𝑠+1, 𝑞𝑞𝑠𝑠+1,𝐻𝐻𝑡𝑡1(𝑠𝑠+1)) = 0  3.10 
The flow rule and the condition that the above stress states must be within the 
yield surface curve must be satisfied.  At the same time a consistency condition 
must also be satisfied. i.e; 
σ0
𝑠𝑠+1 = 𝑑𝑑σ0
𝑑𝑑ε𝑝𝑝����
· ε𝑝𝑝� 𝑠𝑠+1  3.11 
The Newton-Raphson iteration is continued until |𝑔𝑔1 | and |𝑔𝑔2 | is less than the 
specified tolerance for convergence is achieved.  Once convergence is 
achieved the following solution matrices are updated as in step 7. 
7. Update the 𝑝𝑝, 𝑞𝑞 and 𝐻𝐻1 i.e; 
𝑝𝑝 = 𝑝𝑝1 + 𝐾𝐾 ·  ∆ε𝑝𝑝  3.12 
𝑞𝑞 = 𝑞𝑞1 − 3𝐺𝐺 · ∆ε𝑝𝑝  3.13 
where, G is the shear modulus of  the material and 𝐾𝐾 is the bulk modulus.  
Once the 𝑝𝑝 and 𝑞𝑞 are calculated the stress state and plastic strain of the 
material is calculated by the following equation; 
σ = −𝑝𝑝 · 𝑝𝑝 + 𝑑𝑑  3.14 
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∆𝜀𝜀𝑝𝑝����� = −𝑝𝑝.∆ε𝑝𝑝+𝑞𝑞·∆ε𝑞𝑞(1−𝑆𝑆).σ0   3.15 
Once the plastic strain increment is determined, it is possible to calculate the 
volumetric strain increment and finally the relative density. 
3.8 State of the art of the Gurson model in powder metal forming applications 
As introduced in the previous chapter, the Gurson model was originally developed for 
ductile materials with a considerable amount of porosity undergoing ductile fracture.  
In the original work, it was acknowledged that the model can be applied to sintered 
powder compacts assuming that the powder contains approximately equi-axed voids.  
Gurson and Buno [7] developed a procedure to simulate a powder compaction process 
for intermediate initial relative density between 0.75 and 0.90 and showed that it 
closely matched the experimental results.  The Gurson model has been used by several 
researchers [34] in predicting the densification behaviour of titanium alloy powder by 
hot isostatic pressing.  Kaushik et. al. [5] applied Gurson’ s model to simulate 
densification of powder material via Equal Channel Angular Extrusion (ECAE).  They 
also compared the results with the Duva and Crow model [106] which showed 
promising results. 
Only a few investigations, to predict the densification of forged powder compact 
products, have been made using the Gurson model.  For example, Biner and Spitzig 
[107] studied the consolidation of iron powder compacts under hydrostatic pressure.  
They altered the original Gurson model by considering internal pressure within the 
pores during the last stage of deformation.  Wang and Karabin [108] studied the further 
densification of aluminium powder sheets via rolling.  Parteder et. al. [12] modelled 
(via the Gurson model) the densification of sintered molybdenum powder compacts 
during hot upsetting.  Parteder et. al. [109] also simulated the hot deformation of 
refractory metals using the Gurson model.  They compared the density distribution 
results, given by the model, with those of a tapered disc produced by hot pressing.   
Using Gurson’s model, Chen et. al. [43] studied the predicted density distributions 
after consolidation of titanium powder by multi-stage compaction.  Kim and Yang [34] 
used the model to simulate the densification behaviour of Ti-6Al-4V alloy by hot 
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vacuum pressing.  They compared their result with Flecks [75] model and concluded 
that the Gurson model agreed well with experimentally obtained results. 
3.9 Stability and convergence issues 
Gurson’s model is a highly computational intensive model and could experience 
numerous numerical stability problems.  Finite element calculations are generally said 
to be stable when approximation errors are not magnified.  Numerical instability can 
arise for different reasons as explained below [104]. 
• When the material deforms to such a large extent that the finite element mesh 
does not represent the geometry of the problem, the analysis might be 
terminated prematurely.  This problem can be solved by simplifying the 
geometry and using appropriate re-meshing rules. 
• In powder metal forming analysis, such as powder forging, the elements under 
high hydrostatic stress states can yield under a different criterion.  For example, 
elements experiencing high shear stress, which triggers a sudden difference in 
the local stiffness matrix, could lead to instability. 
• Stability is important when the material model is being implemented in 
Abaqus/implicit, where the program determines the time increment size 
necessary for the solution.  Increment size needs to be controlled with care if 
the material model is being implemented using VUMAT.  A material model 
algorithm needs to be developed in such a way that instability is controlled. 
• There can be instability due to a random loading path direction, such as for 
problems with geometric complexity.  A material element can experience a 
wide range of loading conditions (tensile, compression and shear) 
simultaneously depending on their location in the geometry. 
• Contact instability can be induced when the material under deformation 
experiences a large resistance due to the boundary or contact conditions.  For 
example, high frictional contact at an interface could magnify the non-linearity 
of the problem and this might be more computationally intensive than 
previously assumed. 
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3.10 Summary 
In this chapter the general aspects of metal forming analysis in Abaqus software have 
been discussed.  This included geometric modelling, material property definition, 
contact interaction, boundary conditions and mesh generation.  Some of the important 
points in this chapter are summarised below; 
• Abaqus software can be used to solve non-linear problems.  Non linearity 
arises for three main reasons: material model, geometric sources and initial and 
boundary conditions.  Non-linear problems require several iterations and can 
be computationally expensive. 
• A Finite Element Analysis of metal forming problems involves large 
deformation, hence appropriate mesh and distortion control is necessary.  
Different mesh distortion control schemes have been discussed.  An arbitrary 
Lagrangian-Eulerian (ALE) mesh adapted in this work is also discussed. 
• Analysing powder forging in Abaqus requires a description of the material 
model that includes accurate physical and thermal properties.  A Gleeble 
thermo-mechanical simulator was used to obtain the properties of the powder 
compact.  The implementation procedure for the Gurson material model in 
Abaqus/implicit was discussed.  However, model parameters (i.e.  𝑞𝑞1, 𝑞𝑞2, and 
𝑞𝑞3) need to be calibrated for different materials and processes. 
• Application of the Gurson model to predict the relative density distribution in 
powder metallurgical processing is not novel, however to the best of the 
author’s knowledge only a small amount of work has been previously carried 
out to model the powder forging process using Gurson’s model for material 
with low initial relative density. 
• Implementing Gurson’s model can lead to stability and convergence issues.  It 
can be challenging in Abaqus/implicit where the time increment sizes are 
determined by the user.  Hence it is important to understand the factors that 
cause instability.  Stability and convergence issues are minimal in 
Abaqus/explicit where the program automatically calculates the time 
increment sizes. 
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4 Implementation of porous metal plasticity (original Gurson’s model) and 
simulation results 
In this chapter, the implementation procedure and the simulation results for powder 
forging of porous titanium materials will be discussed.  In order to analyse the 
densification behaviour of titanium powder compacts during powder forging a simple 
circular disc was upset forged.  Figure 4.2 shows the initial powder compact geometry 
(Ø 42 mm x 40 mm) and the final forged shape.  For convenience and efficiency in 
the simulation procedure the model is reduced by making use of the axisymmetric 
geometry, as shown in figure 4.1. 
The first part, discusses the influence of important parameters that need to be 
considered for accurate representation of the upset forging of a circular disc.  In the 
second part the implementation of a porous metal plasticity model is explained and 
few results are discussed. 
 
Figure 4.1: (a) initial powder compact; (b) powder forged disc; (c) axisymmetric geometry 
4.1 Simulation study on the densification of a circular disc by upsetting 
To understand the densification behaviour during thermo-mechanical forging and to 
determine the influence of the material parameters during powder forging, a simple 
2D circular disc was created in Abaqus/standard as shown in figure 4.2.  A coupled 
temperature-displacement analysis procedure was selected for the analysis step.  The 
geometry was modelled as per the technique illustrated in section 3.1.1.  The powder 
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compact and the dies were meshed with CPE4RT elements and the mechanical 
properties were assigned.  The initial temperature of the powder compact was assigned 
based on the simulation plan.  In Abaqus/standard the Gurson-Tvergaard model is 
introduced along with the material properties with an initial relative density of 0.75 
and Tvergaard parameter 𝑞𝑞1,  𝑞𝑞2 and  𝑞𝑞3 equal to one.  For the initial simulation trials 
the frictional and thermal contact interaction was estimated.  A value of coefficient of 
friction µ=0.1 was chosen and a default thermal contact property was assigned, 
however this would be validated later on, based on experimental temperature histories 
which will be explained in later sections. 
 
Figure 4.2: Simulation setup for circular disc powder forging analysis 
The radial boundary conditions were applied to the powder compact allowing it to 
deform in both x and y direction.  The bottom die was constrained (u1=0, u2=0, ur1=0, 
ur2=0).  The top die was allowed to move a distance of 21 mm in the negative y 
direction (u1=0, u2=0.021 meters, ur1=0, ur2=0). 
4.2 Mesh density selection 
To analyse the effect of mesh density on the deformation characteristics of a powder 
compact, three different mesh densities are chosen.  The regions of interest in this 
study are the upper right and lower right regions of the forged compact.  The reasoning 
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behind this choice is because these regions undergo large plastic deformation and 
mesh distortion as they interact with the dies.  The powder compact mesh elements in 
this region, can penetrate the dies and can cause immediate termination or failure of 
the analysis.  Thus it is crucial to mesh the compact in such a way that it does not 
penetrate the die mesh elements.  It is therefore important to perform a mesh sensitivity 
study to select the right mesh density. 
 
Figure 4.3: Deformed mesh shape of the powder compact (a) mesh density 8x32; (b) mesh density 40x40 
4.2.1 Mesh sensitivity analysis  
A mesh sensitivity analysis in FEM is a study performed to analyse the influence of 
mesh density on the simulated results.  For analytical purposes the most highly stressed 
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element at the end of a forging step is selected.  Eight different mesh densities were 
evaluated and maximum stresses at the nodes were plotted as shown in figure 4.4.  It 
can be seen that there is a large variation in the maximum stress with a coarser mesh 
and as the mesh density increases there is a more uniform maximum stress.  Further 
refinement of the mesh did not significantly affect the maximum stress value.  
However, it should be mentioned that although a finer mesh results in greater 
accuracy; it could lead to larger computational time.  To be more computationally 
efficient a modest mesh density of 40x40 (1600 elements) was chosen for analysing 
powder forging of a circular disc. 
 
Figure 4.4: Mesh sensitivity study 
4.3 Estimation of interfacial heat transfer coefficient between the powder 
compact and the die 
The accuracy of a coupled thermo-mechanical simulation of powder forging depends 
on a proper description of the thermal contact at the die and powder compact interface.  
It is known that the heat flux at the powder compact and die interface is governed by 
the interfacial heat transfer coefficient.  The interfacial heat transfer coefficient in 
metal forming simulations depends on several factors, such as the die material, work 
piece material, initial forging temperature, forging pressure, lubrication conditions and 
surface roughness of the die-work piece interface [110].  In many cases the data is not 
readily available in the literature, thus, it is common to formulate the boundary 
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condition in terms of the interfacial heat transfer resulting in a numerical solution that 
closely resembles the actual process.  There are essentially two approaches to 
determine the interfacial heat transfer coefficient.  One method is to choose a value of 
interfacial heat transfer coefficient such that the measured and calculated temperature 
distributions will resemble each other.  Another method is to develop an inverse 
optimisation technique by model adjustment where the heat transfer coefficient is 
estimated, based on the difference between measured and calculated temperature 
histories (temperature-time profile).  The latter is a more reliable method for an 
estimation of the heat transfer coefficient in powder forging, as it captures the 
influence of contact pressure and temperature on the heat transfer characteristics.  The 
inverse optimisation technique used in this study is explained below. 
The objective is to find the temperature dependent heat transfer coefficient value so 
that the measured and simulated temperature curves closely match.  Although, it is 
known that the heat transfer during powder forging is a function of several variables, 
the temperature and contact pressure were assumed to be a predominant variable.  The 
objective function is given below:  
𝑓𝑓(𝑥𝑥) = ∑ ∑ �𝑇𝑇𝑖𝑖,𝑖𝑖𝑠𝑠𝑖𝑖𝑚𝑚𝑠𝑠𝑒𝑒𝑡𝑡𝑡𝑡𝑒𝑒𝑑𝑑 − 𝑇𝑇𝑖𝑖,𝑖𝑖𝑒𝑒𝑥𝑥𝑝𝑝𝑒𝑒𝑟𝑟𝑖𝑖𝑚𝑚𝑒𝑒𝑛𝑛𝑡𝑡𝑡𝑡𝑒𝑒�2𝑁𝑁𝑖𝑖=1𝑀𝑀𝑖𝑖=1  4.1 
where, 𝑇𝑇𝑖𝑖,𝑖𝑖𝑠𝑠𝑖𝑖𝑚𝑚𝑠𝑠𝑒𝑒𝑡𝑡𝑡𝑡𝑒𝑒𝑑𝑑 and 𝑇𝑇𝑖𝑖,𝑖𝑖𝑒𝑒𝑥𝑥𝑝𝑝𝑒𝑒𝑟𝑟𝑖𝑖𝑚𝑚𝑒𝑒𝑛𝑛𝑡𝑡𝑡𝑡𝑒𝑒 are the simulated and experimental temperatures 
at the 𝑗𝑗th time step for the 𝑖𝑖th thermocouple. M and N are the number of time steps 
over which the calculations were carried out.  The constraints in this optimisation were 
to maintain a decreasing heat transfer coefficient with decreasing powder compact 
temperature with respect to time and to get an increase in heat transfer coefficient with 
perfect interfacial contact (zero clearance). 
4.3.1 Experimental measurements 
Two thermocouples were used, one located inside the powder compact and another in 
the die, as shown in the figure 4.5.  Temperature data was acquired during the forging 
process.  The thermocouples were sampled every 0.25 seconds, as the overall forging 
step was completed in less than ten seconds.  A smaller time step was necessary during 
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the forging cycle to capture the cooling histories of the powder compact and the dies.  
The thermocouples and the location holes were coated with copper paste (Loctite C5-
A) to minimise the sensitivity error due to an interfacial air gap. 
 
Figure 4.5: Thermocouple locations were temperatures were measured 
4.3.2 Numerical model adjustment 
The initial heat transfer coefficient value was based on a previous model obtained from 
the literature [84, 110].  From the literature it is found that for hot metal forging the 
interfacial heat transfer coefficient varied from a constant value of 10,000 W/𝑚𝑚2 K to 
50,000 W/𝑚𝑚2 K [110].  Figure 4.6 shows the interfacial heat transfer coefficient data 
versus temperature.  The temperature data obtained after the initial interface 
coefficient estimate can be seen in figure 4.7 where NE11 and NE22 are the 
temperature data obtained with the initial heat transfer estimate, NM11 and NM22 are 
the final temperature history data obtained with the modified heat transfer coefficient 
data shown in figure 4.7 and NT11 and NT22 are the experimentally measured 
temperature data obtained at the locations described in figure 4.5.  Since the heat 
transfer is a time and space dependent process, the temperature in the die gradually 
increases while the compact drastically cools down with time. 
Several iterations were performed to obtain the final temperature history that closely 
matched the experimental results using an inverse optimisation technique, described 
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in section 4.3.  Although an exact match was not obtained, there was an improvement 
to the existing model.  This could be for several reasons, for instance heat transfer is 
both time and space dependent, i.e. the temperature drop near the surface is greater 
than in regions away from the surface.  The heat transfer coefficient model, used here, 
is temperature dependent and for an accurate description of the interfacial heat transfer 
coefficient it is important to capture the effects of pressure, surface roughness and 
interfacial air gap etc.  However, the present work is reliable enough to predict the 
heat transfer during powder compact upsetting, as the overall computational results 
agree well with the simulated FEA and experimental results. 
 
Figure 4.6: Heat transfer coefficient vs. temperature 
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Figure 4.7: Measured and numerically obtained temperatures with modified HTC 
4.4 Simulation results for upsetting of a circular disc 
After the upset forging parameters were defined, simulation models were setup 
according to table 6.  An upsetting simulation was performed for HDH titanium and 
Ti-6Al-4V powder compacts with two deformation percentages (50 % and 65 %).  
From the initial simulations, the effect of the degree of deformation on stress, plastic 
strain, strain rate, temperature distribution and relative density are results of interest. 
 
Table 6: Simulation plan 
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4.4.1 Influence of deformation percentage on equivalent stress distribution 
According to the simulation plans, simulations were performed to deform the powder 
compact to 50 % and 65 % respectively.  It is well known that the deformation degree 
has a direct influence on the consolidation behaviour in powder forging.  The Von-
Mises stress distributions obtained for four simulation results is shown in figure 4.8. 
From the simulation results it can be seen that when using HDH titanium powder the 
maximum Von-Mises stresses at 50 % reduction are at the top and bottom corners.  
However, when the reduction is 65 % the maximum stresses occur near the centre of 
the disc.  Compared to HDH titanium powder, the stresses in a Ti-6Al-4V alloy are 
higher, however this is expected as the flow stress for the latter is higher than that for 
HDH titanium powder.  In all the four simulation cases the stress value increased with 
the amount of deformation.  This is expected, as the material being modelled is porous, 
with a low initial relative density. Thus as the density increases the equivalent stress 
also increases.  Figure 4.9 shows equivalent stress plotted against deformation for the 
central node.  From the figure, it can be seen that the equivalent stress value at the 
centre of the preform increases with the deformation percentage.  Higher stresses for 
Ti-6Al-4V indicate that larger forging forces are required for further reduction.  The 
lowest equivalent stress is recorded for an HDH titanium powder compact with 50 % 
reduction. 
 
Figure 4.8: Von Mises stress distribution at 50 % (model 1 and 3) and 65 % (model 2 and 4) reduction 
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Figure 4.9: Equivalent stress vs. percentage of reduction 
4.4.2 The influence of the degree of deformation on the equivalent plastic strain 
distribution 
The equivalent plastic strain is shown in figure 4.10.  The maximum plastic strain in 
all four cases occurred at the centre of the compact which is consistent with the plastic 
strain results described in the literature for different plasticity models [12, 13, 64].  The 
minimum plastic strain occurred around the circumference of a powder compact.  The 
explanation for low plastic strain on the outer circumferential surface can be found in 
the deformation pattern during upsetting which is explained in section 4.4.5.  It can 
also be seen from figure 4.10 that plastic strain is minimum at the top and bottom faces 
of the powder compact after 50 % reduction in height.  The plastic strain at the top and 
bottom faces improves with further reduction in height, as shown in models 2 and 
model 4.  Figure 4.11 shows the equivalent plastic strain histories vs. percentage 
reduction in thickness.  The amount of plastic strain is higher in model 4 (Ti-6Al-4V, 
65 % reduction) compared with the other three cases. 
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Figure 4.10: Equivalent plastic strain distribution at 50 % (model 1 and 3) and 65 % (model 2 and 4) 
reduction of height 
The plastic strain increment in models 2 and 4 follows a similar trend after 35 % 
reduction. This can be explained by the load vs percentage of reduction curve 
explained in a later section. 
 
Figure 4.11: Equivalent plastic strain vs. percentage of reduction 
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4.4.3 Influence of powder compact temperature during deformation 
As illustrated in the earlier sections, a coupled-thermo-mechanical simulation 
procedure was chosen for forging analysis, thus it is expected that there will be heat 
transfer between the powder compact and the forging dies.  The temperature 
distribution in a powder compact before forging, after 30 % and 50 % reduction is 
shown in figure 4.12.  According to the initial simulation plan (table 6) the powder 
compact and die temperatures were pre-set to 1250o C and 100o C.  The interaction 
between the powder compact and its surroundings was defined by the film coefficient 
and atmospheric temperature during the experiments.  The temperature field 
distribution during forging was calculated using a program based on the thermal 
conductivity of the material and the interfacial heat transfer coefficient determined by 
the algorithm detailed in section 4.4.5.  It can be seen that the heat transfer between 
the die and compact played a major role in the decrease in compact temperature during 
forging, thus heat losses by radiation were neglected in the calculation. 
 
Figure 4.12: Temperature distribution in the powder compact and the die during forging 
Figure 4.13 illustrates the temperature distribution in a powder compact for four 
simulation conditions.  In all the four cases, losses in thermal energy are observed 
during deformation and the heat generation from the deformation itself did not 
compensate for the temperature losses.  The highest temperature losses are observed 
in an HDH titanium powder compact during both a 50% and 65 % reduction, compared 
with a Ti-6Al-4V powder compact.  This can be explained by the lower thermal 
conductivity of Ti-6Al-4V (6 - 7 W/ m^2 K) powder compacts compared with HDH 
titanium powder (20-24 W/m^2 K).  In the simulation and the experiments, an 
assumption was made that initially the temperature of the powder compact was 
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uniform; however from the literature and induction heating experience, this might not 
have been the case.  A lower thermal conductivity means that the material requires a 
longer holding time at temperature to achieve a uniform temperature distribution, 
which is often the case with Ti-6Al-4V powder compacts [111]. 
 
Figure 4.13: Temperature distribution at 50 % (model 1 and 3) and 65 % (model 2 and 4) reduction 
4.4.4 Influence of strain rate sensitivity during deformation 
In ingot forging practise, it is desirable to have a uniform strain rate, as a non-uniform 
deformation rate can adversely affect the quality of a part.  In an industrial setting, a 
uniform strain rate can be achieved by controlling the ram movements, lubricant 
conditions and die geometry.  The strain rate sensitivity of the flow stress of materials 
such as titanium is significant and known to be especially so at high temperature [24].  
The flow stress curves for porous materials tested over a range of strains and strain 
rates are expected to be lower when compared to fully dense materials.  In this work, 
titanium powder compacts were modelled as porous and so there is a change in density 
with deformation. It is of interest to see how the strain rate distribution changes with 
respect to changes in geometry, temperature and percentage reduction during upset 
forging.  Figure 4.14 shows the strain rate distribution obtained after simulation. 
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Figure 4.14: Strain rate distribution at 50 % (model 1 and 3) and 65 % (model 2 and 4) reduction 
It can be seen from the figure that in all four cases, the lowest strain rate can be 
observed at the outer circumference of a powder compact.  This is consistent with the 
low equivalent stress and pressure distribution.  The highest strain rate is observed in 
model 3, because of the high temperature of a compact after 50 % reduction.  The 
strain rate distribution tends to become more uniform with increasing amounts of 
deformation, as can be seen in models 2 and 4.  This is due to the fact that at larger 
deformations the material densifies and tends to behave like fully dense material.  This 
trend is consistent with deformation studies of porous materials reported previously 
by several researchers [12, 32, 109]. 
4.4.5 Relative density evolution during deformation 
The simulated relative densities for the four models are shown in Figure 4.15.  An 
initial relative density of 0.75 for the material was specified in all of the four models.  
From the simulations it is clear that the relative density increases with increasing 
amounts of deformation.  The highest relative density obtained was at the centre of a 
powder compact.  On further deformation the densified region in the centre of a 
powder compact expanded outwards because of the larger stresses in the centre of a 
compact. This causes pores to collapse and then full closure of the pores takes place.  
The lowest relative density was found to be at the circumference of a powder compact.  
These trends are consistent with the equivalent stress and strain distribution results.  
Also, a high relative density at the centre of the compact during hot upset forging has 
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been reported in several studies [12, 32, 107].  It is also worth noticing that, despite an 
initial starting relative density of 0.75, the simulation results show a lower relative 
density of 0.70 in model 3 and model 4.  This is due to the characteristics of the 
Gurson- Tvergaard material model, which takes into account not only the void closure 
but also void coalescence.  From experiments and 3D simulation results, it can be seen 
that such low relative density states can lead to circumferential cracks at the outer 
edges of circular forged discs, as shown in figure 4.16 (a).  These cracks propagate 
due to the circumferential tensile stresses in the regions with residual porosity.  With 
increasing deformation, the tangential tensile stresses increase in magnitude in the 
peripheral area causing further cracking and void nucleation. 
 
Figure 4.15: Relative density distribution at 50 % (model 1 and 3) and 65 % (model 2 and 4) reduction 
 
Figure 4.16: (a) forged circular disc with circumferential cracks; (b) 3D simulation indicating tangential 
tensile stresses 
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For obtaining relative density history during deformation at specific locations within 
the powder compact, nine unit cells where selected at predetermined locations as 
shown in figure 4.18 (a).  The co-ordinates of these cell locations are shown in figure 
4.18 (b).  The unit cell data was monitored and recorded using Abaqus output during 
the simulation.  Abaqus provided relative densities at four nodes corresponding to the 
each unit cell.  Average relative density history was then calculated using the tools 
provided in the Abaqus results module and plotted against percentage of reduction as 
shown in figure 4.17.  The figure shows the relative density histories for the central 
node in the models defined according to the simulation plan.  It can be seen that for 
the central node, in all the four simulation cases, complete densification occurs at 
nearly 30 percentage reduction.  However, this is not true for the nodes located at 
predefined distances within the powder compact. 
 
Figure 4.17: Relative density vs percentage of reduction 
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Figure 4.18: Unit cell locations in the model with co-ordinates 
Figure 4.19 to figure 4.22 show relative density histories at nine locations within the 
powder compact for the four simulation cases.  The densification rate is highest for 
the central node (N11) in all four simulation cases.  In model 1 and 2, for a HDH 
titanium powder compact, the maximum relative density is achieved after 20 percent 
of deformation, while in models 3 and 4 the same amount of densification occurs after 
a 30 percent reduction.  The primary reason for this is the lower flow stress curve for 
HDH titanium compared with that of Ti-6Al-4V alloy.  Though this difference in 
densification rate may be significant at this stage of consolidation, it is interesting to 
note that on further deformation there is a tendency to follow the behaviour of a fully 
dense material. 
Higher densities were seen at the top right node (N33) in the compact.  The 
densification rate at this node differs after 50 percent and 65 percent deformation.  The 
maximum relative density found at this region was above 0.9 in all the four simulation 
cases.  However, the relative density achieved for Ti-6Al-4V alloy was lower than that 
for HDH titanium and it was noticed that the relative density increased further with 
increasing deformation. 
The lowest densification in all four simulations was at the central circumferential node 
(N13).  In the case of models 3 and 4, for a Ti-6Al-4V alloy, the relative density at this 
region after 50 % and 65 % deformation is below the initial relative density of the 
material.  In practice, the material in this low density region is considered to be 
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redundant or it breaks away from the powder compact, as explained in the density field 
distribution plots in the previous section. 
 
Figure 4.19: Relative density history vs. percentage of reduction for model 1 
 
Figure 4.20: Relative density history vs. percentage of reduction for model 2 
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Figure 4.21: Relative density history vs. percentage of reduction for model 3 
 
Figure 4.22: Relative density history vs. percentage of reduction for model 4 
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4.4.6 Force evolution during upset forging 
Load-displacement curves are quite helpful in guiding our understanding of 
determining the workability of specific materials and therefore the selection of press 
equipment.  It is known that the flow stress, frictional conditions, part geometry and 
material temperature influences the load required for forging operations.  The flow 
stress of a material increases with increasing deformation rate and decreases with 
compact temperature.  In addition to this, in powder forging the deformation load also 
depends on the densification rate. For example, when the density is low the material 
flows more easily; therefore a lower forging load is required. As the density of the 
material increases the applied forging load also increases. 
Figure 4.23 shows the simulated forging load histories during upsetting for four 
different simulation cases at an initial billet temperature of 1250 ̊C.  Abaqus 
determines the load-displacement curves during forging based on the material flow 
stress data, taking into account the effects of thermo mechanical coupling.  The load 
increases rapidly at the beginning and then more steadily in all the simulation cases.  
Larger forces are required for models 3 and 4 due to the higher flow stress of Ti-6Al-
4V alloy compared with models 1 and 2 at the same temperature.  The forging load 
rapidly increases after 55 percent deformation as a result of material densification. 
The maximum forging load occurred at 65 percent reduction in height for model 4 and 
closely reached the full capacity of the 100 ton press machine.  This is important to 
note as hydraulic machines are essentially force-restricted machines and their 
capabilities are limited by the maximum available force.  But from experience, it is 
seen that the material will continue to deform at full capacity as long as the temperature 
of the powder compact is within a workable range. However it is not advisable to run 
a press at close to full capacity as it can lead to leaks and failure of hydraulic 
components such as piston rings etc. 
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Figure 4.23: Load vs percentage of reduction curve 
It can be seen that the load histories of models 1 and 2 correspond quite well (same 
material), there is only a slight difference between the curves and this is as a result of 
the different time increment steps used in the simulation.  Also, it can be seen that after 
an initial rapid increase the load curve becomes steady after 10 percent reduction until 
40 percent reduction.  After 40 percent reduction the forging load further increases to 
a maximum. This trend corresponds to the density increase as seen from the relative 
density plots. 
4.4.7 Material flow and densification during upset forging 
The deformation pattern during upset forging can be visualised by a series of flow 
direction vectors as shown in figure 4.24.  The following observations are made from 
these figures. 
At the early stages of compact reduction the flow vectors in the material tend to move 
along a line parallel to the load application.  After 12 % reduction the material near 
the centre tends to move outwards at the onset of barrelling.  The deformation and 
densification at this stage is a complex phenomenon due to the collapse of pre-existing 
pores at the centre.  The high temperature causes the stresses, deriving from the applied 
pressure, to reach the compressive yield strength of the material.  However due to the 
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friction and chilling effect at the face of the die, only minor lateral flow of the material 
is observed.  As the material near the circumference barrels outward only a limited 
amount of pressure is transferred thus there is very little increase in densification.  On 
further reduction, the material at the top unifies with the material flowing in the lateral 
direction and further densification occurs at the top and bottom surfaces of the 
compact.  However the final density observed is lower than that seen at the centre of 
the compact. 
 
Figure 4.24: Material flow during at various reductions 
Barrelling due to frictional constraints increases the tangential circumferential stresses 
and further opens the pre-existing pores near the peripheral region. 
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4.4.8 Effect of the frictional coefficient on the relative density distribution 
In this section the respective relative density variations during powder forging are 
modelled for different frictional conditions. Simulations on HDH titanium compacts, 
with an initial relative density of 0.75, were carried out at an initial forging temperature 
of 1200 ̊C and a reduction in height of 50 percent. Two different friction conditions 
were studied. The coefficient of friction values were chosen based on the solid 
lubrication conditions used in the powder forging process.  From the literature it was 
found that the coefficient of friction with a solid graphite lubricant ranges from 0.1 to 
0.3, depending on the temperature of the surface [112, 113].  The intention of this 
section is to show the effect of the frictional condition on relative density. Simulation 
studies were performed with coefficients of friction of 0.1 and 0.3. 
Figure 4.25 to figure 4.26 show the relative density distribution with two different 
frictional conditions.  It was seen that the frictional condition had an influence on the 
uniformity of the density distribution during upsetting.  For lower the friction 
coefficient, the density distribution was found to be more uniform.  As the frictional 
coefficient increased, the magnitude of the density distribution decreased.  It must be 
noted that, apart from friction the density distribution also depended on temperature, 
forging load and the contact surface area. 
From these simulation results, it is clear that lower frictional coefficients can result in 
more uniform densities in the forged powder compacts.  In practice, the frictional 
effect can only be reduced through appropriate die lubrication. When studying 
densification models, it is important to isolate the effect of frictional coefficient on 
density distribution, thus in all the case studies in this work a consistent frictional 
coefficient of 0.1 is chosen to simulate friction. 
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Figure 4.25: With friction ((µ=0.1) 
 
Figure 4.26: With friction ((µ=0.3) 
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4.5 Summary 
This chapter discussed the procedure for implementing the Gurson porous metal 
plasticity model in Abaqus.  The deformation and densification characteristics for a 
titanium powder metal compact, under upset forging, were studied using a porous 
metal plasticity yield criterion. 
• Emphasis on the first part of the chapter was placed on conveying the relevance 
of mesh sensitivity on the simulation results.  The accuracy of the results was 
compared with various mesh densities to obtain results with a satisfactory 
computational response. 
• Since the simulations performed in the present study involved thermo-
mechanical coupling, an accurate interfacial heat transfer between the dies or 
systems in direct contact was required.  An inverse optimisation procedure was 
followed to obtain these values, as a function of temperature, by comparing the 
preliminary simulation results to the experimental work. 
• Upset-forging simulation of HDH titanium powder compact and Ti-6Al-4V 
alloy cylindrical discs was performed using the original Gurson model.  The 
degree of deformation was analysed in terms of simulation results such as 
equivalent stress, strain, temperature distribution and strain rate. 
• Changes in relative density with increasing amounts of deformation were 
predicted by the original Gurson model.  The highest density was observed at 
the centre of a billet during upset forging.  The frictional forces and material 
flow pattern had a direct influence on the relative density distribution in the 
final part. 
• Relative density during densification by deformation was the main objective 
of the present work.  From the work done so far it was found that the original 
Gurson model is very general for porous materials and does not take into 
account internal state variables, such as pore shape and mode of application of 
the load, for specific materials. This therefore requires further investigation, 
taking these into account. 
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5 Gurson-Tvergaard model parameter estimation (𝒒𝒒𝒒𝒒, 𝒒𝒒𝒒𝒒 and 𝒒𝒒𝒒𝒒) and relative 
density validation 
As described in section 2.4; the parameters 𝑞𝑞1, 𝑞𝑞2 and 𝑞𝑞3 where first introduced by 
Tvergaard to bring the model prediction into closer agreement with the experimental 
results for deforming porous materials containing cylindrical or spherical voids.  
Tvergaard suggests a value for  𝑞𝑞1 in the range of 1.5 to 2.5, whereas 𝑞𝑞2 equated to 
unity improves the accuracy of numerical results when compared to the  experimental 
data for several powder compacts [114].  It is important to mention that the parameters  𝑞𝑞1 and  𝑞𝑞2 are described as an internal state variable and are an attempt to capture the 
influence of pore shape.  Several researchers have attempted to understand the Gurson-
Tvergaard parameters, however only a few have attempted to estimate the values for 
porous titanium material undergoing large plastic deformation [12, 43, 115]. 
To determine the effect of the Gurson-Tvergaard model parameters on the relative 
density distribution we compare three different scenarios.  In the first scenario we 
assume 𝑞𝑞1,  𝑞𝑞2 and  𝑞𝑞3 are equal to one.  When the scalar parameters are equated to 
unity the material model reduces to a basic Von-Mises criteria with porosity.  In the 
second scenario we use the parameters suggested by Tvergaard to take into 
consideration the effect of spherical or cylindrical voids.  In the third scenario we 
empirically determine the Gurson-Tvergaard parameters by carrying out an inverse 
iteration procedure introduced by Cheng et. al. [13]. 
The computation algorithm for determining the Gurson-Tvergaard parameters are 
illustrated in figure 5.1.  A least square approach was followed to formulate the 
objective function in terms of Tvergaard parameters.  The objective function is given 
in equation 5.1; 
𝐹𝐹𝑢𝑢𝑛𝑛 (𝑞𝑞𝑖𝑖), =  ∑ [𝑁𝑁𝑖𝑖=1 𝝓𝝓(𝜎𝜎𝑖𝑖,𝑓𝑓𝑖𝑖)]2]        𝑗𝑗=1-3;  5.1 
where, 𝜎𝜎𝑖𝑖 and 𝑓𝑓𝑖𝑖 are one set of data for each of the scalar parameters values from  𝑞𝑞1 
to  𝑞𝑞3.  An initial Gurson-Tvergaard parameter was assumed to be equal to one and 
the subsequent parameters were calculated by iteration based on the above equation.  
An error tolerance criterion was specified according to equation 5.2:  
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�
𝑞𝑞𝑖𝑖𝑠𝑠
𝑞𝑞𝑖𝑖𝑝𝑝
− 1� ≤ Error tolerance, j = 1 − 3  5.2 
where, 𝑞𝑞𝑖𝑖𝑠𝑠 is the temporarily updated value by substituting the previous value of 𝑞𝑞𝑖𝑖𝑝𝑝. 
 
Figure 5.1: Computation algorithm for fitting experimental data with simulated results 
Three initial powder compact temperatures were considered in the simulation 
according to the Gleeble compression test conditions.  The samples were compacted 
and induction sintered to 75 % of full density and cut into Ø 8.2 mm × 12.8 mm 
cylinders.  A graphite lubricant was used on both surfaces of a sample to reduce 
friction.  Figure 5.2 shows the true stress-strain data obtained from compression tests. 
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Figure 5.2: True stress-strain curves for HDH titanium powder compact obtained by Gleeble compression 
tests at a strain rate of 1/s 
The measured relative density after the Gleeble tests was nearly 99 %.  An 
axisymmetric model was created in Abaqus standard with CPE4T elements as shown 
in figure 5.3.  The initial material model was defined with the flow stress data obtained 
for 75 % porous material and initially estimated Gurson-Tvergaard parameters.  A 
frictional coefficient value of 0.1 was used throughout the simulation.  The 
computation was carried out manually using an excel spreadsheet. 
 
Figure 5.3: Axisymmetric model for model parameter computation  
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Figure 5.4: A comparison of true stress-strain curves at different initial temperatures obtained 
experimentally and by simulation with q1=1.7, q2=1.2 and q3=2 
A total of 24 iterations were performed to determine the values of the Gurson- 
Tvergaard parameters that closely match the experimental true stress-true strain data 
as shown in figure 5.4.  It is observed that the model parameters had a significant effect 
on the plasticity or flow behaviour of the porous material.  The parameters  𝑞𝑞1 and  𝑞𝑞2 
had the most influence on a stress-strain curve for compressive loading; the influence 
of parameter  𝑞𝑞3 was relatively insignificant.  Both large and small values of  𝑞𝑞1 and  𝑞𝑞2 had an effect on the numerical stability in the simulation.  Thus, an error tolerance 
was specified for  𝑞𝑞1 between 0.5 and 2; for  𝑞𝑞2 between 0.8 and 1.8 and for  𝑞𝑞3 not to 
exceed more than 3.  After iterations the final Gurson- Tvergaard parameters for 
porous HDH titanium at 75 % full density and undergoing hot compression were found 
to be:  𝑞𝑞1= 1.7,  𝑞𝑞2= 1.2 and  𝑞𝑞3 = 2.   
The procedures were repeated to determine the Gurson-Tvergaard parameters for 75% 
dense HDH Ti-6Al-4V alloy powder compacts.  The Gurson-Tvergaard parameters 
which gave the best fit with the experimental data were found to be  𝑞𝑞1= 1.2,  𝑞𝑞2= 0.8 
and  𝑞𝑞3 = 1.5.  Compared to HDH titanium, typical true stress values were higher for 
a Ti-6Al-4V alloy. 
105 
 
5.1 Assumptions made in the parameter determination 
It must be noted that the above procedures are based on the following assumptions; 
• The friction is constant during the tests. 
• The true stress-strain curves obtained by Gleeble tests were sufficiently 
accurate. 
• The density was homogeneous prior to testing, uniform heating occured and 
die chilling effects were neglected due to the small size of the sample. 
5.2 Gurson-Tvergaard model parameters and void geometry 
Both the Gurson and Gurson-Tvergaard models are based on the assumption that the 
voids are spherical or cylindrical.  However, in reality void shapes can be quite 
irregular, as in a titanium powder compact.  Also, thermo-mechanical processing, such 
as powder forging, can exacerbate the void geometry.  Budiansky et. al. [116], in 
earlier work, analysed the shape changes of voids located in a viscous and visco-plastic 
material undergoing plastic deformation.  Further expanding this concept Gologanu 
applied his ideas to non-spherical pore shapes in combination with an ideal plastic 
material model [117].  The effect of void shape irregularities was dealt with by 
defining a shape parameter and this approach predicted a relative density distribution 
which agrees more closely to experiment [117, 118]. 
The change in void shape in a titanium powder compact depends on the following 
factors; 
• powder morphology (spherical or irregular powders), 
• compaction pressure, 
• induction sintering temperature, 
• heating rate and holding time, 
• forging temperature and cooling rate. 
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5.2.1 Void geometry and evolution during powder forging 
The micrograph in figure 5.5 shows the void shape and its distribution in a fully dense 
titanium matrix after compaction and forging using HDH titanium powder. 
The porous powder compacts illustrated in figure 5.5 were prepared from HDH 
titanium powder of size 200 mesh.  The powder had irregularly shaped particles which 
promoted mechanical interlocking between the particles during compaction. 
 
Figure 5.5: Micrograph showing pore geometry for HDH titanium at location A after compaction at 140 
bars 
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Figure 5.6: Micrograph showing pore geometry for HDH titanium at location B after powder forging at 
1250o C. 
 
Figure 5.7: Micrograph showing pore geometry for fully dense HDH titanium at location C after forging at 
1250o C 
Metallographic examination showed that the change in pore shape before and after 
forging followed an expected trend.  It must be noted that a significant difference exists 
between the pore geometry observed under the micro-scope and the assumption in the 
Gurson model that pores have a spherical shape.  It is evident that during uniaxial 
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upsetting many pores changed shape and were significantly flattened by the 
compressive stresses.  In the central region of a deformed part the material is fully 
consolidated because of a total collapse of the pores. 
From the perspective of numerical simulations, not many models exist that take into 
account pore shape geometry evolution during the consolidation process.  However it 
is worth noting that there is a direct relationship between the rate of densification, the 
initial pore geometry and the orientation of pores with the direction of load application.  
Micro-graphically it is observed that material obtained after compaction and sintering 
tends to have a cusp-shaped pore geometry at lower densities.  Depending on the 
direction of load application, as the density increases the pores flatten and change to a 
more ellipsoidal shape.  Budiansky et. al. [116] proposed that for a linear creeping 
material under conditions of high load tri-axiality (compression and hydrostatic 
loading), the spherical voids initially collapse to a point purely as a result of the 
uniaxial loading and then flatten to a crack-like shape, as found in this work.  
Budiansky et. al demonstrated that the void shape evolution was also a function of the 
mode of loading and material non-linearity.  Budiansky et. al. noted that the time to 
densify porous bodies is significantly shorter under uniaxial compressive loading 
compared with hydrostatic or constrained compression. However the magnitude of the 
densification rate depends on the instantaneous pore geometry.  Similar observations 
were made by Lee and Mear [119].  Thus, in practice pore shape evolution under 
deviatoric loadings is a contributing factor in the calculation of densification rate.  For 
predicting densification, the Gurson model in the original form does not take into 
account the pore shape changes taking place during hot upsetting.  However, a 
satisfactory solution could be obtained by two different methods proposed by Ponte 
Castaneda and Zaidmann [120] and Cheng et. al [13].  In the method used in this work, 
a much simpler approach was followed in which the Gurson model was modified by 
experimentally fitting the Gurson-Tvergaard parameters to represent the stress-strain 
data directly obtained from Gleeble tests. 
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5.2.2 Void distribution and material anisotropy 
To understand the pre-existing void distribution and material anisotropy after 
compaction and powder forging, optical microscopic analysis was done.  HDH 
titanium and Ti-6Al-4V powder compacts were prepared with a target relative density 
of 0.75 to observe the void distribution.  The samples were cut at location specified in 
figure 5.8.  Although established techniques exist for metallographic preparation of 
fully dense titanium and Ti-6Al-4V, polishing low density powder compacts was a 
challenge.  However, multiple low temperature (150 o C to 200 o C) curing cycles 
helped in obtaining relatively good results for HDH titanium, but this technique proved 
unsuccessful for polishing Ti-6Al-4V powder compact samples.  Thus the 
micrographs of the porosity distribution shown in figure 5.8 were obtained after 
compaction and induction sintering with a holding time of 5 minutes.  It must be noted 
that after induction sintering, observed void geometry and distribution can alter 
significantly from that expected after compaction.  However the micrographs of 
induction sintered samples were good enough to show the general trend of void 
distribution in that particular alloy. 
Figure 5.9 and figure 5.10 show the void distribution in HDH titanium and HDH Ti-
6Al-4V alloy after forging.  It can be seen that after compaction there is a non-uniform 
distribution of voids in the powder compact.  It is well known that under single stage 
cold compaction the highest relative density is obtained at a top corner of a compact 
and the lowest is achieved at the bottom of a compact.  This trend is quite visible from 
the void distribution in the compact.  It is interesting to note that the voids at the bottom 
corners were quite large.  After forging HDH titanium, the voids at the centre had 
collapsed and the material tended to be fully dense titanium. 
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Figure 5.8: Micrographs showing the porosity distribution after compaction for HDH titanium 
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Figure 5.9: Micrographs showing the porosity distribution after powder forging at 1250o C for HDH 
titanium 
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Figure 5.10: Micrographs showing the porosity distribution after powder forging at 1250o C for Ti-6Al-4V 
alloy 
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5.3 Summary 
The main aim of this chapter was to determine the Gurson-Tvergaard parameters that 
best represent porous material.  These parameters improve the accuracy of simulation 
results as they capture the influence of pore geometry on densification.  These 
parameters relate internal state variables of the material with the flow stress. 
• A computational algorithm has been developed to determine these parameters 
by an inverse iteration procedure.  The Gurson-Tvergaard parameters for HDH 
titanium powder with particle size of 200 µm are determined as  𝑞𝑞1 = 1.7 
,  𝑞𝑞2 = 1.2  and  𝑞𝑞3 = 2 .  Whereas for HDH Ti-6Al-4V powder they are 
determined to be 𝑞𝑞1 = 1.2 , 𝑞𝑞2 = 0.8, and  𝑞𝑞3 = 1.5. 
• An important assumption made in both the Gurson and Gurson-Tvergaard 
models is that the pores are circular or cylindrical; however in reality pores are 
irregularly shaped, which is confirmed by optical microscopy.  Optical 
micrographs show that there is a change in void geometry after powder forging. 
• Micrographs taken at different locations in a powder compact show that the 
porosity distribution is non-homogeneous and irregular.  After powder forging 
the porosity collapses at the centre of a forged compact, whereas at the edges 
it becomes more marked. 
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6 Powder forging experiments and validation 
Introduction 
The powder compaction and forging experiments were carried out using a 100 tonne 
hydraulic press machine, shown in figure 6.1.  For upsetting experiments, the powder 
was formed into a powder compact using a powder compaction die using the 
conditions explained in the subsequent section.  Powder compaction was done using 
the same compaction pressure to give a consistent initial relative density.  HDH 
titanium powder compacts were produced with HDH titanium powder and Ti-6Al-4V 
powder compacts were produced using a blended elemental approach with HDH 
powder blended with the Al-V master alloy powder. 
 
Figure 6.1: 100 Tonne hydraulic press with forging dies assembled 
Powder compaction was carried out using a single stage compaction die as shown in 
figure 6.2.  The experimental procedure for both compaction and powder forging is 
given below. 
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Figure 6.2: Single stage compaction dies 
6.1.1 HDH titanium powder compaction 
The powder compact size required for powder forging experiments was Ø 40 mm × 
40 mm and the required mass of powder was first calculated according to the volume 
occupied by loose powder in the die.  This calculated amount, equal to 180 grams of 
powder, was transferred to the die which was at room temperature and the powder 
level made even by tapping the die to ensure that the die filled equally.  Finally, the 
powder was pressed using a pressure of 140 bars and was held for 2 minutes to produce 
the final powder compact.  To maintain consistency and repeatability, the same 
procedure was followed for all the powder compacts used in this work.  It is worth 
mentioning that the relative density of a powder compact is a function of the applied 
pressure, the mass of powder and the die temperature, in other words the relative 
density can be improved by varying any of these parameters.  Figure 6.3 shows the 
relative density vs. compaction pressure for HDH titanium powder.  The final relative 
density of powder compacts was found to be 0.75 for an applied pressure of 140 bars; 
however it was impossible to quantify the overall relative density variation within the 
powder compact, thus an assumption was made in the simulation that the initial 
relative density of a powder compact was uniform before powder forging. 
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Figure 6.3: Relative density vs. compaction pressure for HDH titanium powder 
During the cold powder compaction experiments the holding time had little effect on 
the final relative density.  A holding time of more than 2 minutes led to central cracks 
in a powder compact during ejection.  On the other hand a lower holding time led to 
excessive spring back after ejection. 
6.1.2 Ti-6Al-4V powder compacts 
The procedure for producing Ti-6Al-4V powder compacts was similar to that for the 
production of HDH titanium powder compacts, however HDH Ti-6Al-4V required a 
higher compaction pressure for achieving the target density, due to its high initial yield 
strength and the cohesive nature of the powder.  Figure 6.4 shows the relative density 
versus compaction pressure during cold compaction for Ti-6Al-4V powder. 
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Figure 6.4: Relative density vs. compaction pressure for Ti-6Al-4V alloy powder 
It must be noted that a higher relative density for Ti-6Al-4V powders may be obtained 
by warm powder compaction; however in this study the required density was achieved 
by cold compaction alone.  The height of a powder compact reduces with increasing 
compaction pressure; however the target compact height was preselected to be 42 mm 
for consistency with the simulation trials.  The ‘spring-back’ effect in Ti-6Al-4V 
powder compacts was seen to be up to 3 mm after 5 minutes of ejection time.  In order, 
to achieve the required height and diameter for the powder forging, the compaction 
pressure and holding time needed to be adjusted.  Increasing the holding time of the 
powder compact in the compaction die significantly reduced the spring-back effect, 
however on increasing the holding time above 5 minutes, cracks were seen in the 
powder compact.  During experiments based on a trial and error approach, a holding 
time of 2 minutes was selected to achieve powder compact samples of the required 
size, according to the experimental plan. 
6.2 Powder forging experiments for producing circular discs 
Figure 6.5 shows the die setup for circular disc powder forging experiments.  The dies 
were made of H13 tool steel with the forging surface polished.  A thin layer of graphite 
lubricant dissolved in water was applied at the die surface.  Thermocouple holes Ø2 
mm were located at 5 mm from the forging surface and Type K thermocouples were 
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used to monitor the die temperature.  A ceramic band heater was used to heat the die 
to the required temperature and the heating was controlled by the temperature probe 
located in the bottom die.  Both the top and the bottom dies were heated together to 
the equilibrium temperature defined by the experimental settings. 
 
Figure 6.5: Forging dies for titanium disc forging 
Before starting the experiments, the chamber was evacuated and filled with argon gas 
to a point where the percentage of oxygen was below 0.5 ppm.  The powder compacts 
were heated in an argon atmosphere using an induction furnace, as shown in figure 
6.6.  For uniform heating, a powder compact was precisely located within the 
induction coil at a distance of 10 mm from the bottom and 35 mm from the top.  A 
refractory ceramic support was used to ensure that no heat was lost from the bottom 
of a compact. 
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Figure 6.6: Powder compact heating within the induction coil 
A 5 mm hole was drilled at the top of a compact for locating a type K thermocouple 
and the temperature of a powder compact was measured in-situ using a data logger 
connected to the thermocouple.  The heating rate and time were monitored during 
induction heating and for consistency, these were kept the same for all forgings.  A 5 
minute holding time at temperature was used before forging and the time taken to 
transfer powder compacts from the induction furnace to the forging die was less than 
4 seconds.  It was important to minimise the transfer time as a considerable amount of 
heat is lost during transfer to the die.  After transferring the billet to the die, full load 
was applied to the hydraulic ram until 50 percent deformation was indicated by the 
stopper blocks. 
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Figure 6.7: (a) Powder compact before forging, (b) forged circular discs 
6.3 Experiments 
The purpose of these experiments was to evaluate the influence of initial temperature 
on the final relative density of a powder compact and to compare this to the results   
obtained numerically.  These experiments were carried on for both HDH titanium and 
Ti-6V-4V alloy with an initial relative density of 75 percent.  Though there are several 
parameters (holding time, interfacial friction and deformation strain rate) that 
influence material densification, the initial compact temperature and the degree of 
deformation are crucial parameters for the validation of the Gurson-Tvergaard model. 
6.4 The influence of the initial forging temperature on the relative density 
prediction by the Gurson and Gurson-Tvergaard models 
Table 7 shows the experimental conditions followed.  The target relative density for 
all the samples after compaction was 0.75, however after compaction there was a slight 
variation in the measured relative density as shown in table 7.  It must be noted that, 
despite an aim for a consistent 50 percent deformation during the experiments, the 
sample T63 was over-deformed by 3 percent due to slippage of the stopping block.  
All the samples were compressed at a pre-set ram velocity of 7 mm/ sec. 
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Table 7: Experimental plan 
6.4.1 Experimental result 
Figure 6.8 shows the circular discs obtained after powder forging HDH titanium and 
HDH Ti-6Al-4V at the different temperatures shown in table 7.  It can be seen that for 
initial forging temperatures of 1250o C, 1100o C and 1000o C no cracks were detected 
in HDH titanium discs.  However, for HDH Ti-6Al-4V, cracks were visible even when 
forged at a temperature at 1250o C.  The degree of cracking worsens when the alloy is 
forged at the lower temperatures of 1100o C and 1000o C.  This indicates that, even 
with a low initial relative density of 0.75, HDH titanium powder compacts can be still 
workable, while Ti-6Al-4V is not.  This may be due to greater sensitivity of 
temperature on flow stress for Ti-6Al-4V alloy when compared to HDH titanium. 
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Figure 6.8: Circular discs forged at different experimental conditions  
It is interesting to point out that Ti-6Al-4V alloy is known for its strain-rate sensitivity, 
especially during non-isothermal forging used in these experiments, where the heat 
losses were higher.  Larger strain rates are generally favourable to compensate strain 
rate sensitivity effect and heat loss during deformation.  Strain-rate does have an effect 
on the rate of densification in both HDH titanium and Ti-6Al-4V alloy, however the 
limited capability of the hydraulic press used in this work precluded any strain-rate 
sensitivity analysis.  Also, reductions in temperature from the initial compact 
temperature, because of heat losses to the dies are important factors which need to be 
taken into account when validating experimental results with simulated results in the 
present work. 
Because of the heat losses from the Ti-6Al-4V alloy to the die during closed die 
forging, it is possible that at certain regions within the part the temperature might be 
below 1000o C. This can lead to cracking during forging of complex shapes.  Thus 
powder compact forging with HDH Ti-6Al-4V, with the current initial relative density 
is not recommended.  From a practical perspective it is possible to improve the initial 
relative density of HDH Ti-6Al-4V powder compact using a better compaction 
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method such as warm powder-die compaction, CIPing, vacuum sintering, spark 
plasma sintering or high velocity compaction (HVC) [43, 121-123]. 
6.4.2 Predicting the influence of the initial powder temperature on relative 
density using the Gurson and Gurson-Tvergaard models 
Figure 6.9 shows the density distribution in a forged part at three initial temperatures 
using the two models.  Comparing the predictions of the original Gurson model and 
the Gurson-Tvergaard model significant differences can be observed.  The Gurson-
Tvergaard model predicts a higher densification at all the three temperatures. This is 
expected and is due to the fact that the model captures the effect of porosity collapse 
and the degradation of a materials stress capacity during deformation.  Simulation with 
both material models shows no significant change in the final geometry.  However, at 
1000o C there are fewer higher density regions shown in figure 6.9 compared with an 
initial temperature of 1250oC. 
124 
 
 
Figure 6.9: Relative density distributions at various initial temperatures for HDH titanium 
forged parts 
From figure 6.10 it can be seen that at initial temperature of 1250o C, both models 
predict similar density profiles.  The highest densities in all cases were observed at the 
centre.  In general the relative density distribution showed a direct relationship with 
increasing initial temperature.  For practical considerations, it is advisable to forge 
HDH titanium and Ti-6Al-4V powder compacts at a higher temperature to obtain a 
higher uniform relative density distribution. 
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Figure 6.10: Relative density distributions at various initial temperatures for HDH Ti-6Al-4V 
titanium forged parts 
Simulation results also highlighted the temperature dependence of the flow stress at 
elevated temperatures.  In all cases the central part of a powder compact remains at 
high temperature.  It must be noted that the material yield stress of a powder compact 
is dependent on the differences in density at different degrees of plastic strain.  
However, in this analysis a direct method is used where a constant velocity was applied 
to the top die.  The equivalent plastic strain and the evolution of density are calculated 
depending on the yield stress of the deforming material at various temperatures. 
The values  𝑞𝑞1 and  𝑞𝑞2 defined in the Gurson-Tvergaard model take into account the 
internal variables representing the influence of porosity as determined by a best fit 
with the flow stress data.  The values for these parameters influence the tri-axiality 
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levels within the material.  Figure 6.11 shows the density evolution at the investigated 
temperatures using the Gurson and Gurson-Tvergaard model at the central node.  A 
significant difference was seen between the two models in terms of densification rate 
and the final density obtained at the same level of plastic strain.  At lower temperatures 
a slower densification was observed with the original Gurson model.  With the 
Gurson-Tvergaard model the densification rate was highest at an initial temperature 
of 1250 o C; as a result the final density at the end of forging was highest.  The 
densification rate obtained with the Gurson model at 1100o C and 1000 o C was 
significantly lower than at 1250 o C. 
 
Figure 6.11: Equivalent plastic strain vs. Relative density comparison 
Though the densification rate is significant for analysing the effect of a particular 
constitutive model, in practice it also indicates that the material needs to deform 
further to enhance densification. 
6.5 Relative density measurements 
Several methods are available for measuring the relative density in a metal powder 
part.  Archimedes’ principle is one of the common methods used to measure relative 
density of porous materials with a high level of open porosity.  The method works on 
the principle that when an object is immersed in liquid, the hydrostatic forces in the 
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liquid exert buoyant forces proportional to the volume of the part.  The density 
measurement procedure using Archimedes’ principle is a recommended method 
standardised by ASTM B 328 [124], MPIF test method 42 [125] and ISO 2738 [126].  
The limitation of this method is that it is not capable of capturing local density 
variations, as the part needs to be cut into smaller sections and some of the material is 
lost during the cutting process. 
Weber and Brown [127] and Riera and Prado [128] developed a method to characterise 
local density variation by using micro-hardness testing and correlating density with 
hardness.  Wagle et. al. [102] measured localised relative density by machining pre-
sintered powder compacts and establishing a relationship between the volume of 
material removed and relative density.  However, due to constraints in machining the 
relative density was determined only for a part of the powder compact. 
Various researchers have previously demonstrated non-destructive relative density 
evaluation techniques such as metallographic image processing, an electrical 
resistivity test, gas permeability tests, an ultrasonic test, an eddy current test, X-ray 
radiography and gamma-ray density measurements.  Despite the popularity of non-
destructive testing (NDT) in the P/M industry, each technique has its limitations. For 
example ultrasonic testing is seldom precise because the low density powder compacts 
strongly attenuate the elastic waves. Eddy current methods encounter a limited field 
to medium interaction problem for powder compacts because a random particle 
distribution gives low electrical conductivity and poor reproducibility of 
measurements.  X-ray imaging, despite being popular for sub-surface flaw detection, 
is not useful in locating micro-surface cracks or near corner cracks.  Table 8 shows 
different techniques used to determine relative densities.  In this work, a γ-ray density 
determination technique was used and this will be discussed in detail. 
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Table 8: A comparison of different density measuring techniques 
6.5.1 γ-ray density measurement 
A gamma particle densitometer developed by GAMMATEC GmbH was used to 
determine the localised densities in the titanium powder compacts.  This method can 
measure the densities of powder compacts that are partially or fully dense with 
sufficient accuracy, which is difficult to achieve by other techniques such as 
Archimedes’ method.  The equipment measures the amount of absorbed radiation 
where the degree of absorption of gamma rays depends on the density of the material.  
Figure 6.12 shows a schematic of a gamma particle densitometer provided by 
GAMMATEC.  The device consists of a gamma ray source mounted inside a shielded 
container that emits radiation.  The radiation emerges though a carefully directed 
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opening in the bottom of the shielding container and then passes through the sample 
powder compact, where it is partially absorbed.  An aperture with a known dimension 
on the top of the detector screens-out the beam of radiation and the radiation passing 
through this is measured.  The size of the aperture can be circular or segmental and is 
defined by the volume and shape of the test sample to be analysed.  The intensity of 
the radiation detected by the detector is calibrated in terms of density. 
From a simulation point of view this technique is quite favourable when parts exhibit 
localised density variations which are predicted by powder compaction or forging 
simulation results.  The method also allows for the determination of local densities, 
especially at regions where the highest loading or densification takes place. 
 
Figure 6.12: A schematics of a gamma ray densitometer [129] 
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6.5.2 Sample preparation for density measurement 
An advantage of a gamma ray densitometer is that large sectional test samples can be 
analysed for density without the need for cutting them into smaller pieces, as is the 
case for the Archimedes density measurement method.  The method is non-destructive 
and does not require any special preparation of the test sample.  Also, no liquid 
medium is in contact with the test samples, which is essential for samples with lower 
densities, which could lose their green strength when infiltrated with water.  The only 
requirement for the test is that the test surface, from which density measurements are 
to be taken, needs to be as flat as possible and free from surface imperfections, 
however no polishing is required.  Figure 6.13 shows the accuracy of measurements 
obtained for different material thicknesses.  From the OEM manufacturers experience 
and the statistical observations shown in figure 6.13, it has been suggested that for 
accurate results when taking measurements from titanium or titanium alloys, the 
samples should be cut to 4 mm thickness. 
 
Figure 6.13: Accuracy of measurement based on material thickness [129] 
Figure 6.14 shows marked-up test samples for density measurements.  Material at the 
test point location was cut to 4 mm thickness and the measurement locations were 
identified.  It should be pointed out that the marking process needs to be without 
indentation as it could increase the relative density at the test locations, thus an electro-
131 
 
marking technique was adopted which leaves behind no damage or distortion in the 
metal. 
 
Figure 6.14: Cut samples marked for density measurements 
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6.6 Density measurements and FEA validation 
The density measurements for HDH titanium forged parts are as shown in table 9. 
 
 
Table 9: Simulated and measured densities for HDH titanium; a negative sign in the relative error 
indicates those locations where the simulated densities are higher than the predicted densities 
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Radio-graphical measurements indicated that the highest densities are observed at test 
points 2 and 5 and the lowest were at the circumference at test point 8.  Though these 
results are consistent with the predicted densities by both models at the central region, 
the measured densities obtained at the circumferential region 8 were higher than the 
simulated results.  The densities predicted by the Gurson-Tvergaard model were in 
closer agreement with the measured densities at regions 1, 2, 3, 4, 5, 6 and 7 compared 
with the original Gurson model.  The prediction of densities at regions 7, 8 and 9 were 
lower with both models. This can be explained by the fact that the Gurson model is 
highly pressure dependent.  Due to the high temperature at the centre of a forged part 
the peripheral region barrels outward in the early stages of deformation.  Therefore 
there is not enough hydrostatic pressure transferring to this region to cause further 
densification. 
Figure 6.15 shows the density measurements for an HDH Ti-6Al-4V forged part.  It 
can be seen that the relative density obtained by measurements differs from the 
simulation results.  The average relative density obtained by measurement is higher 
than the average predicted results for sample T61, which was forged at 1250 o C.  
However the average measured relative density is in closer agreement with the 
predicted results obtained from the Gurson-Tvergaard model.  The Gurson-Tvergaard 
model showed good agreement with the measured results at regions 2 and 5, in all 
cases.  In these regions the hydrostatic pressure is at its peak and this enhances the 
densification process.  The measured densities in all cases were much higher at the 
peripheral region 8.  This indicates that the Gurson-Tvergaard model underestimates 
the degree of densification in those regions where hydrostatic pressure is not fully 
transmitted. 
Overall the density results from the Gurson-Tvergaard model agree well with the 
measured results.  However, there are instances where the measured results are lower 
than the simulation results.  There are three possible causes for this; (1) error in the 
density measurement technique at lower relative densities; (2) a density increase due 
to induction sintering which is neglected in the model; (3) a non-uniform density in 
the initial powder compact. 
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Figure 6.15: Simulated and measured densities; negative sign in relative error indicate locations where 
simulated densities are higher than the predicted 
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6.7 Conclusion 
In this chapter the experimental procedures used for powder compaction and forging 
were discussed.  Powder compacts with a target relative density of 0.75 were produced 
and forged and the densities of forged parts were measured using a gamma particle 
radiography technique.  The measured results were then compared with the predicted 
relative densities obtained using the Gurson and Gurson-Tvergaard models.  From the 
results the following conclusions are drawn; 
• It was confirmed that by using both coupled thermo-mechanical simulations 
and experimental measurements that the initial compact temperature has a 
significant influence on the final density. 
• A significant difference in the relative density results given by the Gurson and 
Gurson-Tvergaard models was found.  In general, the predictions given by the 
Gurson-Tvergaard model were higher than the results obtained from the 
Gurson model.  This is due to the influence of the Gurson-Tvergaard material 
parameters  𝑞𝑞1 and 𝑞𝑞2on the plastic behaviour of the powder compact.  The 
parameters  𝑞𝑞1 and 𝑞𝑞2 have a significant effect on the collapse or closure of the 
voids.  In addition, the parameter  𝑞𝑞3 had no significant influence. 
• The relative density obtained for HDH Ti-6Al-4V was significantly lower than 
that for HDH titanium forged under the same conditions. 
• For HDH titanium and Ti-6Al-4V, increasing the initial forging temperature 
had a significant effect on the final consolidation density; this has been proven 
by experiments and numerical results. 
• Closed die forging HDH Ti-6Al-4V, with the present initial relative density of 
0.75 is not recommended due to cracking at lower temperatures; however the 
results can be improved with a better compaction technique (warm 
compaction, high velocity compaction or CIPing) to achieve higher relative 
density.  In contrast, HDH titanium powder compacts can be forged with the 
present initial relative density obtained by cold die compaction. 
• The relative density prediction from the Gurson-Tvergaard model was closer 
to the radio-graphically measured results at locations towards the centre of a 
forging; however the predicted results underestimated the density at the 
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peripheral region.  This is due to the dependence of the Gurson-Tvergaard 
model on the local hydrostatic pressure.  The hydrostatic pressure at the 
peripheral region is lower due to the deformation and die chilling effect. 
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7 Case study A: Powder forging of a cylindrical component by hot-repressing 
and extrusion 
Hot re-pressing is a potential method for the production of cylindrical titanium fastener 
grade components.  The hot re-pressing technique involves heating a powder compact 
to the forging temperature and applying compressive forces in a rigid die to 
consolidate the powder compact into a fully dense part.  Unlike hot upsetting, in hot 
re-pressing the pressure increases the driving force for densification, however the 
lateral movement of the material is often constrained.  A hot re-pressing technique has 
never been applied to the fabrication of titanium components, thus this study attempts 
to investigate the deformation and densification mechanism using the original Gurson 
and Gurson-Tvergaard models. 
Due to the large deformation involved in the geometries implicit modelling technique 
available in Abaqus standard proved to be inadequate for the densification case 
studies.  Abaqus explicit modelling was chosen as more favourable re-meshing options 
were available.  The difference between the implicit and explicit modelling method 
are described in section 3.1.7.  An initial simulation study was performed using 
implicit and explicit method to compare densification results.  The results showed no 
significant variation in density profiles using both methods. 
7.1 Experimental details 
Figure 7.1 shows the dimensions of the target component. From the results of work on 
compaction given earlier in this thesis, a lower density occurs at the bottom of a 
compact compared with the top. To achieve a more uniform density distribution a hot-
repressing and extrusion approach was used. The dimensions of the target component 
are shown in Figure 7.1 and the die design is shown in figure 7.2 (a). This die design 
provides for a simultaneous partial extrusion and hot pressing. The extrusion ratio used 
was 2.44:1 and in order to streamline the flow through the die a 2 mm radius was 
specified for the extrusion end of the die. 
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Figure 7.1: Dimensions of the target cylindrical titanium component 
The material used in this experiment was HDH titanium alloy powder with mesh size 
200 µm.  Cylindrical powder preforms Ø 24.6 mm were cold compacted and the height 
was decided based on the final relative density required.  For an initial relative density 
of 0.75 a height of 95 mm was chosen for the powder compact.  The compacts were 
induction heated to 1250o C and held for 5 minutes before being transferred to the 
forging die.  The dies were preheated to 100o C.  A 100 ton load was applied by the 
punch to forge the material into the die and the final part was ejected out of the die as 
shown in figure 7.2 (b). 
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Figure 7.2: (a) Forging die assembly; (b) final part after hot-repressing 
7.1.1 FEA modelling 
The geometry of the part and the mesh used for FEA modelling of both the compact 
and the die are shown in figure 7.3.  The finite elements used for the simulations are 
4-node plane strain thermally coupled quadrilaterals with reduced integration and 
hourglass control.  The punch and the die are modelled as elastically deformable 
materials.  The contact conditions are defined according to the approach suggested in 
section 3.1.4 based on a master-slave surface relationship.  A constant coulomb 
frictional condition of 0.1 was specified for all the surfaces in contact.  An interfacial 
heat transfer coefficient model which was previously estimated in section 4.3, was 
used.  An ALE mesh was assigned to the powder compact region to avoid convergence 
problems due to excessive distortion during the process.  Mesh penetration was 
observed during the early stages of the simulation trials, thus a finer mesh was defined 
only at the radius of the die.  The temperature of the powder compact and the die were 
set to 1250o C and 100o C respectively and the top punch was held at room temperature.  
A displacement boundary condition of 40 mm was applied to the top punch to simulate 
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the process.  The simulations were carried out for HDH titanium powder using the 
original and the Gurson-Tvergaard models. 
 
Figure 7.3: FEM model of compact die assembly 
7.1.2 Simulation results 
The relative density distribution plots and deformation obtained at an initial compact 
temperature of 1250o C is shown in figure 7.4.  It can be seen that the densification 
begins in the region that passes through the die radii.  This is expected as the material 
in this region undergoes plastic strain first.  Initially there was a slower densification 
in the rest of the component.  The front end of the billet showed almost no densification 
as it exits the die.  This anomaly is because there was no boundary condition applied 
to the powder compact at the front end during the early stage.  However, after the 
extrusion region is completely filled the rest of the part undergoes subsequent 
densification. 
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Figure 7.4: Equivalent plastic strain and final consolidated stage; t=0 is the initial state of the powder 
compact; t=8 sec is the consolidated state 
 
Figure 7.5: Relative density and final consolidated stage, at t=0 is the initial state of the powder compact; 
t=8 sec is the consolidated state 
It can be seen that the densification profile and the deformation geometry predicted by 
the Gurson model and the Gurson-Tvergaard model show a significant difference in 
pattern, also the values predicted by the Gurson-Tvergaard model are higher than those 
predicted by the original Gurson model.  It must be noted that, in contrast to the rest 
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of the part geometry, the densification occurring at the die radius is due to shear 
straining, whereas in the rest of the geometry the mechanism of densification is by 
hydrostatic pressure. 
To investigate this further, plastic strain, hydrostatic pressure and relative density 
versus simulated processing time at selected nodes are shown in figure 7.6 to figure 
7.8.  It can be seen that during the initial stages of extrusion the plastic strain at nodes 
1 and 2 is low; however it gradually increases after the die filling is complete.  In 
contrast, the hydrostatic pressure at nodes 1 and 2 reaches maximum values of 193 
MPa and 165 MPa respectively when die filling is complete.  After the extrusion part 
of the process, the hydrostatic pressure further increases until the process is completed.  
Compared to nodes 1 and 2, the plastic strain at node 3 increases at the point where 
the extrusion begins, the plastic strain further increases after the front end hits the 
bottom die. 
 
Figure 7.6: Plastic strain vs. time period at selected nodes 
The hydrostatic pressure experienced by Node 3 fluctuates during the extrusion stage; 
however it decreases after the die filling is complete.  The relative density versus time 
plot reflects the plastic strain and hydrostatic pressure data.  No consolidation of the 
powder is seen at nodes 1 and 2 until the extrusion is complete.  At these regions, the 
relative density increases gradually until the end of the process.  Also note that low 
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densification is seen at node 3, which corresponds to the low hydrostatic pressure in 
this region.  It is also worthwhile pointing out that the hydrostatic pressure, strain and 
relative density data presented here corresponds to the selected die radius and these 
data may vary depending on the die radius.  For example, a higher die radius may 
increase the hydrostatic pressure and the corresponding density at the early stages of 
the process.  The purpose of these results is only to highlight the dependence of 
hydrostatic pressure on densification in the Gurson model. 
 
Figure 7.7: Hydrostatic pressure vs. time period at selected nodes 
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Figure 7.8: Relative density vs. time period at selected nodes 
Figure 7.9 shows the final relative density profile and the shape obtained after 
simulation using the Gurson and Gurson-Tvergaard models.  The density profile for 
hydrostatic consolidation predicted by both models is similar, however the final length 
of the leg and the densification histories differ.  Figure 7.10 and 7.11 show the 
densification data versus time using the original Gurson and Gurson-Tvergaard 
models.  By comparing these, an enhanced densification rate is predicted by the 
Gurson-Tvergaard model.  Both models predict high densification in the extruded 
region. 
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Figure 7.9: Relative density and final shape (a) Gurson model; (b) Gurson-Tvergaard model and (c) 
experimental 
 
Figure 7.10: Relative density data versus time period at selected nodes using Gurson model 
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Figure 7.11: Relative density versus time period data at selected nodes using Gurson-Tvergaard model 
7.1.3 Density measurements 
The density of an HDH titanium cylindrical component was measured using a gamma-
particle radiography technique.  A sample was cut to a uniform thickness of 4 mm for 
the density measurements.  Figure 7.12 shows the simulated and experimentally 
measured densities for a cylindrically shaped HDH titanium component. 
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Figure 7.12: Comparison of relative density results calculated using Gurson, Gurson-Tvergaard and 
measured values 
When comparing the results from both models, it can be seen that the overall density 
predictions using the Gurson-Tvergaard model are in better agreement with the 
measured relative density results.  However, the measured relative densities at regions 
4 and 5 were higher than the predicted values. 
7.1.4 Conclusion 
In the present study, a hot-pressing technique to produce a titanium cylindrical 
component was investigated though finite element simulations.  A billet with an initial 
relative density of 0.75 percent was hot pressed and extruded through a streamlined 
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die.  During extrusion and hot-pressing, the stresses, plastic strains, hydrostatic 
pressure and relative density patterns are seen within the powder compact. 
A computational model was implemented in Abaqus/Explicit using the original 
Gurson and Gurson-Tvergaard models.  Numerical simulation results for the density 
distribution have been compared against experimental data to validate the 
computational model.  The prediction by the Gurson-Tvergaard model shows higher 
densification compared with the original Gurson model.  The results showed that the 
densification in hot-repressing is governed to a larger extent by the hydrostatic 
pressure.  The numerical results from the Gurson-Tvergaard model are in closer 
agreement with the experimental results. 
One of the major problems encountered during the simulations was that of re-meshing 
in the areas of the powder compact that was undergoing extrusion.  At times, the 
simulation during extrusion of the front end of the billet often stopped, due to 
excessive distortion.  An adaptive re-meshing technique, available in Abaqus/explicit, 
was used to correct this.  It is also interesting to note that measured relative densities 
at the selected locations were higher than those predicted by both the Gurson and 
Gurson-Tvergaard models. 
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7.2 Case study B: Powder forging of ring shaped component 
In this study, the three-dimensional stress, strain and densification of a ring-shaped 
component, produced by simulated powder compact forging, was analysed using a 
finite element method.  For a complete densification analysis of a given geometry a 
consideration of die shape in the cross-sectional area of deformation is necessary in 
the 3D process modelling.  Additionally in order to investigate the accuracy of the 
model the simulation results were compared with density measurements obtained 
experimentally. 
7.3 Experimental details 
Figure 7.13 shows solid models and a schematic of the ring shaped component.  The 
material used for the product is HDH titanium powder. 
 
Figure 7.13: (a) 3D models of the components showing features (b) schematic diagram 
For producing the powder compact 150 grams of HDH titanium powder was poured 
into the compaction die which is shown in figure 7.14.  The powder compaction die 
consisted of a top punch and an inner core for producing the powder compact geometry 
as shown in figure 7.14.  A graphite based die lubricant was used for the inner die 
walls to allow easy release of the powder compact after compaction.  The compaction 
was carried out at room temperature and at a predetermined pressure to produce a final 
powder compact with 75 percent densification.  The final thickness, compaction 
pressure and compact density are important factors in deciding the forging stroke 
required to fill the die cavity.  These factors are mutually dependent thus they are 
difficult to estimate without a trial and error approach.  An accurate depiction of 
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density vs. compaction pressure curves for the material could solve this problem; 
however during this experimental work such information was not available. 
  
Figure 7.14: Powder compaction die and powder compact shape 
Figure 7.15 shows a model of the closed forging dies used in this study.  The dies were 
pre-heated to a temperature of 200 o C using band heaters.  A liquid graphite lubricant 
was applied to reduce friction.  The powder compacts were induction sintered and 
forged at a temperature of 1250 o C.  Figure 7.16 shows the final shape obtained after 
powder forging. 
 
Figure 7.15: Bottom and top die 
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Figure 7.16: Final geometry after powder forging 
7.4 FEA modelling 
Abaqus/Explicit finite element simulation code was used to model the process.  
Abaqus/Explicit is a robust program when dealing with more complex die geometries, 
metal-tool interactions and it has the required meshing capabilities for use in powder 
metal forming simulation.  In contrast Abaqus/standard has to iterate to solve non-
linear problems.  Also, Abaqus/Explicit is more efficient in terms of computational 
time and space requirements for solving large deformation problems. 
Models of the die and the powder compacts were imported into Abaqus from CAD 
software and meshed with their respective elements.  In this work the forging dies 
were meshed with 4-node thermally coupled tetrahedron, linear displacement and 
temperature elements, whereas the compact was meshed with an 8-node thermally 
coupled brick elements, with tri-linear displacement and temperature, reduced 
integration, hourglass control.  An ALE adaptive mesh domain was defined for the 
powder compact with a frequency of 5 sweeps per time increment. 
The material for the die was modelled as AISI-H13 steel and the powder compact was 
modelled as HDH Titanium powder with 75 percent relative density.  The compact 
was radially constrained and a constant velocity of 7 mm/sec was specified for the top 
die.  The surface interaction between the powder compact and the dies was modelled 
using kinetic contact formulation with finite sliding.  A constant coefficient of friction 
of 0.1 was assumed. 
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Figure 7.17: Model setup with a finite element mesh  
The simulation step was defined as dynamic, temperature-displacement-Explicit.  No 
mass scaling option was used for the simulations as this study involved a material 
whose density was changing with time.  The initial powder compact and the dies were 
assigned an initial temperature of 1250 o C and 200 o C respectively.  Interfacial heat 
transfer coefficients were defined to allow heat flow from the powder compact to the 
dies during forging. 
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7.5 Simulation results 
  
Figure 7.18: Deformation magnitude and sequence at different time steps; (a) Top side, (b) bottom side 
Figure 7.18 shows the deformation sequence of the powder compact during closed die 
forging.  A coupled thermo-mechanical simulation was carried out using the Gurson 
model for a simulation time period of 10 seconds.  From the deformation sequence it 
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can be seen that the material flowed away from the centre during forging.  Also notice 
that in figure 7.19, the regions E and F were formed by back filling. 
Figure 7.19 shows the temperature distribution and relative density obtained after 
forging using the original Gurson model.  It can be seen that there is significant heat 
loss to the die during powder forging.  The temperature of the forged part decreased 
with time; however the temperature at the region E and F remained the same.  It must 
be pointed out that the top surface of the back filled  regions E and F are not in contact 
with the top die until the end of the simulation time step.  Regions A and B remained 
at a higher temperature compared to the rest of the component.  This is due to the fact 
that as regions E and F were being filled, regions A and B lost contact with the bottom 
die.  Also higher temperatures were seen at the middle of the component, but the 
temperature decreased with time. 
 
Figure 7.19: Temperature and relative density distribution using the Gurson model 
The 96-98% relative density at the centre was higher than that at the outside surface 
regions, where the maximum density was about 90%.    The lowest relative density 
was seen at A, B and near the flash regions.  Simulation was carried out using both the 
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Gurson and the Gurson-Tvergaard model using the estimated parameters for an HDH 
titanium powder compact. 
The relative density distributions given by both models are shown in figure 7.20.  From 
the simulated data it can be seen that both models predicted full densification near the 
inner part of the component.  The Gurson model predicted the lowest relative density 
near the flash region and the highest densification at the edge near to region B.  
According to the Gurson model, the density distribution in the part ranges from 0.76 
to 1.0 (full density).  The Gurson model also showed a low relative density at the 
regions A and B.  Low densification at this region is due to the backward flow of 
material occurring due to back filling.  In contrast to this, the Gurson-Tvergaard model 
showed a higher densification throughout the component for the same conditions.  The 
density distribution ranges from 0.82 to 1.0 in the component except at the region E 
and F where low densifications were seen.  In contrast to the Gurson model, the inner 
corners of the component showed higher densification with the Gurson-Tvergaard 
model.  In both models, it can be seen that the bottom regions (E and F) and top regions 
(A and B) do not fully consolidate. 
 
Figure 7.20: Relative density distribution (a) Gurson model; (b) Gurson-Tvergaard model 
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7.5.1 Density measurements 
For density analysis the ring shaped titanium component was cut to a thickness of 4 
mm at the locations shown in Figure 7.21.  The relative densities at the selected points 
were measured radio graphically and the values were plotted with the simulated values 
obtained from the Gurson and Gurson-Tvergaard models.  The measured relative 
densities were highest at the centre which was consistent with the simulated results.  
The measured values were in closer agreement with the Gurson-Tvergaard model at 
locations where the simulated densities were above 0.9.  At lower relative densities, 
below 0.9, the Gurson-Tvergaard underestimated the degree of densification.  From 
the radiography results it was clear that full density (RD=1.0) was achieved at several 
regions in the component.  However, the density gradient seen in the forged part was 
largest where the density decreases from the centre to the edge of the component at 
sections A-A and D-D.  At sections B-B and C-C, the relative density was seen to be 
low due to die back filling at regions E and F. 
It should be noted that the densification results presented here are based on the 
assumption that in the simulations the initial powder compact density was uniform and 
that no densification took place during induction sintering.  In reality, the powder 
compacts produced through uniaxial pressing are known to have a non-homogeneous 
density and the density increases during induction sintering.  Nevertheless, the density 
gradient predicted by the simulation allows for the detection of possible low density 
regions so that corrective actions can be taken in the early stages of die design. 
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Figure 7.21: A comparison of the relative density results calculated using the Gurson, Gurson-Tvergaard 
and measured values 
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8 Discussion and conclusions 
A Finite element simulation of powder compact forging for a circular disc, and a hot-
pressed extruded cylindrical shape were performed.  A material model was identified 
that could simulate the densification process during powder compact forging at low 
initial densities.  Model correction parameters proposed by Tvergaard were 
determined and analysed.  The densification predictions obtained from the original 
Gurson model and the Gurson-Tvergaard model were compared with the experimental 
results.  The relative density of the produced titanium components were tested using a 
radiography technique. 
8.1 Comment on processing 
8.1.1 Disc forging 
Powder compact forging of HDH titanium and HDH Ti-6Al-4V with an initial relative 
density of 0.75 was carried out.  The density of a powder compact increased during 
forging and the final relative density increased with increases in the initial forging 
temperature.  High density HDH titanium powder compacts could be produced by a 
single action cold powder compaction, whereas HDH Ti-6Al-4V powder compacts 
required the maximum capacity of the 100 ton press to achieve the required density 
for the experiments.  During the experimental work surface cracks were visible on 
HDH Ti-6Al-4V powder compacts forged at a temperature of 1250 o C. The cracks 
further widened when forged at a lower initial temperature of 1000 o C.  In practice, as 
the powder forging operation progresses a powder compact will lose heat to the die 
and cracks might occur at regions where the temperature is below 1000 o C; thus 
powder forging HDH Ti-6Al-4V powders at the investigated relative density is not 
recommended.  On the other hand, no cracks were seen in HDH titanium powder 
compacts even when forged at a lower temperature.  The measured densities of HDH 
titanium were much higher than those for HDH Ti-6Al-4V parts. 
8.1.2 Cylindrical component 
Hot-repressing and extrusion of HDH titanium powder compacts were carried out to 
produce a cylindrical titanium component.  A hot-repressing method of powder 
159 
 
consolidation is of interest in the production of high performance titanium fastener 
products.  The experimental results showed that cylindrical components with a high 
and uniform density can be produced by this method.  The higher density is achieved 
because of the hydrostatic pressure generated in the powder compact when forged in 
a confined die.  This can be explained by the fact that the yielding behaviour of any 
porous material is sensitive to the applied hydrostatic stresses.  With the application 
of compressive hydrostatic stresses, the pores within the material will collapse 
resulting in higher densification.  Due to the design of the process which includes 
combined hot-repressing and extrusion, the density increases at the extrusion die radii 
during the initial stages of the process. After the forward leg region is filled, the 
hydrostatic pressure increases in the rest of the component.  A uniform density was 
seen throughout the component, except at the bottom leg, where the lowest measured 
relative density was 0.98. 
Despite success in producing cylindrical titanium fastener grade components in the 
laboratory scale experiments, manufacturing to industrial trials did not move forward 
for the following reasons (1) The high hydrostatic pressure and temperature involved 
in the process exerts high stresses beyond the yield stress of the die material.  Also, 
the original design for this product had a hole at the top end as shown in figure 7.1.  
The tooling material failed on several occasions during backward extrusion of the 
product.  (2) Critical structural components such as fasteners rely on standardisation 
and material traceability for safety and reliability.  At the time the experiments were 
being carried out there was no standardisation for non-melt P/M titanium structural 
materials available for a specialised process such as the hot-pressing.  This situation 
has since changed with the introduction of a new ASTM B988-13 specification for 
P/M titanium for structural components, published in July 2013 [130].  The release of 
these new standards is expected to facilitate wider industrial application of titanium 
P/M products with reduced cost and lead time.  However, only a few HDH titanium 
powder manufacturers are currently able to meet these new standards. 
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8.1.3 Ring shaped titanium component 
A closed die powder forging route was used to produce an HDH titanium ring shaped 
part.  The material flowed outwards during the powder forging operation.  The highest 
relative density was seen at the centre of the component and this reduced towards the 
edge.  A lack of uniformity in density in the HDH titanium powder compact was a 
major concern.  The non-uniform density distribution was due to the varying 
horizontal cross section of the powder compact and problems in uniform die filling in 
the experimental compaction die setup.  The die filling problem can be solved by re-
designing the die such that the filling depth is equal to the depth of the compaction die 
cavity.  During the experimental trials, radial cracks were seen in the final powder 
compact forged part.  The reason for the occurrence of these cracks was due to 
improper bottom die design which led to high radial stresses applied to the powder 
compact (revealed by the simulation) during the early stages of powder forging. 
Powder compact forging trials were not successful in producing sound ring shaped 
titanium forgings.  This was because of cracking during forging and a requirement for 
a specialised argon or vacuum chamber for industrial production trials.  As an 
alternative approach a sinter-powder forging route was used for this the HDH titanium 
powder compacts were sintered in a vacuum furnace and powder forged in air.  No 
cracks were seen in sinter-forged titanium powder compacts; this might have been 
because of higher densification of the powder compacts after vacuum sintering.  It is 
interesting to point out that an increase in densification through vacuum sintering 
increases the fracture strain limits of the powder compacts during forging [131]. 
8.2 Material model 
The Gurson porous metal plasticity model was evaluated in this study with 
Abaqus/standard and Abaqus/Explicit.  Although there is a lot of available literature 
on the densification modelling of powder metals using the Gurson model, only a few 
address the implications of the Tvergaard material parameters on the modelling of 
processes such as powder forging.  An initial case study was performed to test the 
accuracy of the material model in predicating the relative density at two different 
deformation percentages.  From the study, it was found that the actual density obtained 
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after forging was higher than the predicted density, especially at the peripheral region.  
To improve the accuracy of the model prediction, parameters suggested by Tvergaard 
were studied.  The parameters for HDH titanium and Ti-6Al-4V titanium powder were 
obtained by a computational procedure suggested by Cheng et. al. [13].  The essential 
objective of this research was to establish a simulation procedure for prediction of 
relative density during powder forging.  The present work has simulated the 
densification behaviour of three different powder forged titanium component using 
Gurson and Gurson-Tvergaard models.  Three different modes of densification 
regimes were studied i.e. upset forging, Hot-repressing and closed die forging.  The 
actual density was measured by gamma-particle density measuring technique.  The 
results were then compared with the simulated densities given by the Gurson and 
Gurson-Tvergaard models.  The simulated density predictions with the Gurson-
Tvergaard model were similar to the measured densities. 
8.3 Gurson-Tvergaard model parameters 
The parameter  𝑞𝑞1 influences the yield behaviour of the material by modifying the 
initial void volume fraction.  A higher value of  𝑞𝑞1 lowers the stress carrying ability of 
the porous material matrix.  If  𝑞𝑞1 is greater than 1.0 during upsetting, the material 
experiences a reduced stress condition.  A typical range of values for  𝑞𝑞1 taken from 
the literature was between 1.0 and 2.0 [4, 12, 13, 78], which differ from the value 
(𝑞𝑞1=1.5) suggested by Tvergaard [77].  Several reports in the literature predict 
instability problems with  𝑞𝑞1 greater than 1.5 because this induces stronger softening 
behaviour of the porous material.  No such issues were encountered in this study.  Such 
instabilities have been reported during void nucleation and may not affect void 
collapse during forging, as in this study [78].  The parameter  𝑞𝑞2 acts as a correcting 
factor for the hydrostatic pressure component of the porous material.  A higher value 
of  𝑞𝑞2 affects the deformation behaviour of the material by reducing its yield strength 
and influencing the evolution of voids.  In contrast to  𝑞𝑞1 and 𝑞𝑞2, the values for the 
parameter  𝑞𝑞3 had no significant effect on deformation and densification behaviour.  
However, a higher value of  𝑞𝑞3  above 2.5 for induced convergence problems and 
caused the program to exit without fully solving. 
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For the circular disc, the density prediction given by the Gurson-Tvergaard model 
agreed closely with the measured results at the centre, but underestimated the 
densification taking place at the circumference.  The density predictions from the 
Gurson-Tvergaard model, when compared with the calculated parameters for hot-
repressed cylindrical and ring shaped components, showed better agreement than 
those given by the Gurson model. However, the measured densities were slightly 
higher than the simulated ones. 
8.4 Discussion on model accuracy 
The accuracy of results obtained by numerical modelling are limited by the 
assumptions made in this work. 
8.4.1 Initial relative density of the powder compacts 
In the simulation, the initial relative density was assumed to be uniform though out 
the powder compact, however in actual powder compacts the porosity distribution was 
non-uniform as can be seen from figure 5.8.  Similar assumptions were made in the 
initial densities of the samples used in the Gleebal tests.  In order to reduce this 
discrepancy, the density distribution can be defined in Abaqus as a “predefined field 
input” option, if the initial compact densities are known. 
8.4.2 Initial compact temperature 
In the simulation, the initial powder compact temperature was assumed to be uniform.  
However, in reality temperature varies depending on the density distribution.  For 
example the regions with higher density heat up faster than the regions with lower 
density within the powder compact.  This assumption can reduce the accuracy of the 
result as the flow stresses of the material is defined with respect to the temperature. 
8.4.3 Induction sintering effect on density 
It is known that when the powder compact is induction sintered the density increases 
due to thermally activated grain growth.  This increment in relative density has not 
been considered in the models used in this study.  The densification effect by induction 
sintering can be modelled by an extension of the original Gurson model such as 
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Gurson-Fleck model [133] which takes into account of thermally induced 
densification. 
8.4.4 Pore geometry 
In both Gurson and Gurson Tvergaard model the porosity is assumed as spherical or 
cylindrical, however, in reality the pores are irregular in shapes as can be seen in figure 
5.10.  This does not have any substantial implication on the result that are industrially 
significant for powder forging process.  There are no literature available that illustrates 
a numerical model that can take into account of the irregular pore geometry. 
8.4.5 Computational issues and efficiency 
Implementation of the Gurson-Tvergaard model was computationally intensive.  The 
average solution time for a problem using the Gurson-Tvergaard model in 
Abaqus/standard was 8 to 10 hours using an acceptable mesh quality with a computer 
with a 12 gigabyte RAM capacity.  The solution time was significantly reduced to 4 
to 6 hours using Abaqus/explicit for the cylindrical and titanium ring shaped 
components.  An admittedly unfavourable criticism of such inclusive constitutive 
material modelling is in getting the right balance between accuracy and computational 
efficiency.  For the simulation of an industrial powder forging problem, that supports 
improved die design and material flow, it would be more convenient to have a model 
that provides valuable results at a reasonable computational cost. 
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9 Future work and suggestions 
9.1 Forging simulation 
The need for fast and reliable simulation is required to aid economical manufacture.  
Forging simulation is no longer niche in the forging industry and has established itself 
over the years through quick and accurate results.  An effective simulation capability 
requires a critical balance between accuracy, flexibility, ease of use and speed so that 
experimenting with different forging scenarios is quick, simple and reliable.  From the 
present research, two barriers were identified that restrict the use of simulations when 
applied in industrial situations.  Firstly the deformation in forging simulation is often 
large, thus a robust meshing algorithm is required.  An ideal mesh should be non-
uniform and re-generating to ensure higher accuracy during deformation.  The speed 
of mesh regeneration is a major consideration when temperature elements are involved 
in a problem solution; if mesh regeneration is too slow it could lead to significant 
computational time.  Secondly, there are material modelling limitations, as the 
material used in forging simulation requires significant information for predicting 
accurate results.  When material data is not available, it is common practice to calibrate 
and develop new models.  Also it is interesting to point out that, although improved 
material models may provide better results, they are more computationally intensive. 
9.2 Future consideration in material modelling 
Although Gurson and Gurson Tvergaard models were successful in predicting relative 
densities, the results can be further improved.  For future work, there are some key 
recommendations which can be made from this research: 
• The development and implementation of a porous metal plasticity model that 
enables densification predictions considering the effects of initial compact 
density, temperature and thermally activated densification during induction 
sintering. 
• The present study did not investigate fracture of powder compacts during 
forging.  Gurson-Tvergaard-Needleman model which considers localised 
ductile damage needs to be further investigated further. 
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9.3 Future considerations for densification modelling in powder forging 
In this research, although the Gurson and the Gurson-Tvergaard models were 
successfully used in Abaqus standard and explicit to predict densification for a 
selected geometry, a more complex powder forging scenario would require numerous 
re-meshings as the material deforms.  In Abaqus, once the re-mesh option is selected 
the software re-meshes the entire component instead of only the region where large 
deformation occurs.  The existing re-meshing capability in Abaqus software leads to 
higher computational times.  Abaqus software is expensive and is a general purpose 
FEA software which demands a lot of time to learn.  Therefore its use in an industrial 
context might be difficult. Therefore there is a need and therefore interest in custom 
FEA programs that have a more specific build to solve problems related to forging.  
However, such a shift is only possible after known general FEA software has been 
successfully applied in the solution of a problem. 
Deform 3D is a custom software to solve problems related to bulk metal forming.  The 
fundamental idea of meshing in Deform 3D is based on the idea of separately creating 
a mesh on the surface of a deforming body and within its volume.  The two standard 
meshing techniques available in Deform 3D are Eulerian and Lagrangian.  Desirable 
results are obtained by a combination of Arbitary Lagrangian Eulerian and coupled 
Lagrangian mesh.  The iterative solvers that are integrated in Deform have been 
optimised for problems with a Lagrangian mesh, with faster solution times.  The 
densification model available in Deform 3D is based on a modified Shima and Oyane 
criterion.  The Gurson model has an edge over the Shima and Oyane model available 
in Deform 3D as the former is able to predict small variation in relative density.  Also, 
the Shima and Oyane model is only accurate for problems with an initial relative 
density above 0.9, however it overestimates densification.  Figure 9.1 shows the 
implementation of the Gurson model in Deform 3D and Abaqus.  The Gurson and 
Gurson-Tvergaard models can be implemented in Deform 3D using a user-subroutine. 
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Figure 9.1: Implementation scheme for the Gurson model in Abaqus and Deform 3D 
Figure 9.2 shows an example of a deformation problem solved in Deform 3D using an 
advanced re-meshing technique. 
  
Figure 9.2: Deformation and density prediction in a ring shaped titanium component solved in Deform 3D 
9.4 Workability of HDH titanium powder compacts 
The workability of porous powder compacts is an important parameter that needs to 
be considered in the designing of a powder forging process.  Historically, workability 
criteria during a forging operation are usually based on localised strain determined 
from compressive and tensile tests.  The forming limits are determined based on the 
tensile strains observed during the forging operation.  For instance, when the tensile 
strain during the forging operation exceeds the experimentally determined tensile 
fracture strain of the material, then the material can no longer be formed into a useful 
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shape without cracking.  However, for a porous material, such as a titanium powder 
compact, a critical fracture strain is not the only criterion that determines cracking or 
fracture.  It is known from the literature that relative density is also a limiting factor 
when forming powder compacts [131, 132].  This is because fracture is dependent on 
the ductility of the material and localised tensile strain.  At lower initial relative 
densities, increasing porosity leads to a decrease in ductility.  On the other hand, an 
increase in porosity will decrease the areas of contact between powder particles, so 
that the stress will increase. 
Thus, it is important to determine the critical fracture strain, as a function of relative 
density and compressive height reduction to avoid an occurrence of fracture.  Also, 
the critical tensile fracture strain in a uniaxial tensile test is required at different 
relative densities.  As the Gurson model was originally developed to model failure of 
ductile materials with significant porosity, it is understood that a decrease in relative 
density (increase in void volume fraction) can be interpreted as void nucleation that 
would lead to crack formation.  However, this is not certain until a critical void volume 
fraction that leads to failure of the material is determined.  Improved workability 
criteria can be proposed using an extension of the Gurson-Tvergaard model such as 
the Gurson-Tvergaard-Needleman (GTN) model. In this model a critical void volume 
fraction and fracture void volume fraction are related.  These two nucleation 
parameters can be determined by performing uniaxial tensile tests. 
9.5 Selective densification, sizing and multi-step powder forging operation for 
improved densification 
The mechanical properties of titanium alloys depend on density, microstructure and 
composition.  Obtaining high density is the highest priority in many powder 
metallurgical manufacturing techniques.  However, in many applications it is 
acceptable to densify just the high stress regions of the part that bear the maximum 
service stresses.  In the powder metallurgy of ferrous alloys, it is well established 
practice to increase sintered densities by selective surface densification to improve 
dynamic mechanical properties, such as impact toughness and fatigue.  However, not 
many studies have been carried out to help us to understand the influence of selective 
densification on P/M titanium alloys. 
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From the simulation results presented in this work it is clear that obtaining uniform 
densification is difficult if not impossible to achieve by a single forging operation.  
The problem arises for several reasons, such as low starting powder compact density, 
powder morphology, frictional factors, heat losses and complex material flow 
involved in the die etc.  A multi-step forging operation would be a good option for 
enhancing densification.  However, the deformation and densification behaviour 
during multi-step powder forging needs further study. 
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